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resumo 
 
 
Os metais têm sido alvo de preocupação devido à sua persistência no 
ambiente e potencial toxicidade para os seres vivos, após a atividade humana 
desmensurada. Nesta tese é dada relevância ao Cr e ao Cd, considerados 
metais poluentes prioritários. Assim, o objetivo do trabalho foi avaliar e 
compreender os efeitos cito- e genotóxicos putativamente induzidos por sais 
de Cr e Cd em plantas e células humanas. O Capítulo 1 expõe as fontes de 
poluição de Cr e Cd, os seus efeitos tóxicos para os seres vivos e mecanismos 
de absorção a nível celular em plantas e humanos. Os biomarcadores mais 
usados na avaliação de exposição e toxicidade de metais foram brevemente 
discutidos, assim como a possibilidade de realização de ensaios in vivo e in 
vitro. Dois modelos biológicos foram escolhidos para avaliação da toxicidade 
do Cr e Cd: a alface (Lactuca sativa L.) e osteoblastos humanos, considerados 
alvos de acumulação e toxicidade destes metais. Além disso, os efeitos cito- e 
genotóxicos do Cr e Cd não estavam esclarecidos nos modelos biológicos 
utilizados. Assim, no Capítulo 2 foram avaliados os efeitos cito- e genotóxicos 
do Cr e Cd em alface in vivo, enquanto o Capítulo 3 abordou as mesmas 
questões em osteoblastos humanos in vitro. Cada estudo envolveu a 
compreensão e integração dos mecanismos de cito- e genotoxicidade em 
ambos os modelos biológicos em resposta à exposição aos metais. 
Finalmente, na última secção – Capítulo 4, é apresentada uma conclusão 
geral, considerando os resultados obtidos para ambos os metais e modelos 
biológicos e trabalhos futuros relativos aos efeitos e níveis de toxicidade 
descritos ao longo do trabalho. 
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abstract 
 
Metals have been a major concern regarding their persistence in the 
environment and potential toxicity to living organisms, after immoderate human 
activity. In this thesis, it is given relevance to Cr and Cd which are among the 
priority metal pollutants. Therefore, the aim of this work was to evaluate and 
understand putative cyto- and genotoxic effects induced by Cr and Cd salts in 
plants and human cells. In Chapter 1, it is described the source of Cr and Cd 
pollution, toxic effects to living organisms, and mechanisms of metal uptake at 
the cellular level, in plants and humans. Briefly, the most used biomarkers in 
metal exposure and toxicity assessment were discussed as well as in vivo and 
in vitro testing. Two biological models were chosen for toxicity assessment of 
Cr and Cd: lettuce (Lactuca sativa L.) and human osteoblasts, both considered 
targets of these metals accumulation and toxicity. Moreover, the cyto- and 
genotoxic effects of Cr and Cd had not yet been clarified in both biological 
models used. Therefore, Chapter 2 begins to address the cyto- and genotoxic 
effects of Cr and Cd in lettuce in vivo, while Chapter 3 takes over these issues 
in human osteoblasts in vitro. Each of these studies involved an understanding 
and integration of the mechanisms of cyto- and genotoxicity in both biological 
models in response to metal exposure. Finally, over the last section – Chapter 
4, a global conclusion is raised considering the results obtained for both metals 
and biological models, and future work on the effects and levels of toxicity 
presented along this work are also included in these final remarks. 
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Metal environmental pollution 
Metals occur naturally in Earth’s crust but episodes of environmental metal 
contamination are increasing mostly due to anthropogenic activities including agriculture 
(e.g., liming, sewage sludge, irrigation waters, pesticides and fertilizers) or 
municipal/industrial and mining effluents and wastes (Nagajyoti et al. 2010). Despite most 
dramatic increases of environmental contamination with metals had been occurring since the 
industrial revolution (18th-19th centuries), some examples of metal contamination and/or 
intoxication were already reported in ancient Roman and Greece (Gilbert 2012). Also, the 
increasing use of metals over the last centuries “has significantly altered the natural 
distribution of metals in the environment” (Gilbert 2012). These contaminants are, therefore, 
spread through the soils, water and air, where they become available and may be 
accumulated in living organisms (Nagajyoti et al. 2010). 
Metals have been classified as essential metals or micronutrients (e.g., Cu, Zn, Fe, Mn), 
and non-essential metals (e.g., Cd, As, Pb, Hg) to living organisms. Metals from both groups 
may be toxic to plants or animals (Nagajyoti et al. 2010). The form/association of metals 
may differ in the environment, which alters their bioavailability and consequently their level 
of toxicity. This evidence is particularly significant in studies of (eco)toxicology and of 
environmental fate of metals, and their transport/accumulation through the food chain 
(Gilbert 2012). Thus, metals’ pollution and their persistence in the environment, as well as 
their toxicity to living organisms have been considered by international/governments 
agencies, like the Environmental Protection Agency (2013), the Agency for Toxic 
Substances and Disease Registry (2014), and European Comission (2001). For example, the 
Agency for Toxic Substances and Disease Registry has launched a substance priority list (of 
275 substances) ranking Cd in the 7th place, and Cr6+, Cr6+ trioxide, and Cr in the 17th, 66th 
and 78th positions, respectively (Agency for Toxic Substances and Disease Registry 2014). 
 
Chromium and cadmium contamination and toxicity – a general approach 
Data published by the British Geologic Survey (2012) showed that from 2008-2012 
China has been the major producer of Cd (and metals in general), and that the world’s total 
production of this metal over these years had remained overall constant. On the other hand, 
South Africa was the major producer of Cr (44% of world total Cr production). Also the 
3 
 
demand for Cr has dramatically increased these last decades, as Cr use increased from less 
than 2 million (in the early 20th century) to around 25 million tonnes in 2012 (British 
Geologic Survey 2012). 
Supporting the scientific and public concern on metals’ pollution, it should also be 
highlighted that among different types of contaminants (e.g., chlorinated hydrocarbons, 
mineral oil, polycyclic aromatic hydrocarbons) affecting Europe, metals are the main 
category, with average values of contamination reaching 34.8% and 30.8% in soil and 
groundwater, respectively (Panagos et al. 2013). 
Contaminations with Cr and Cd have been found in several Portuguese areas mostly 
associated to mining and industrial activities. The map below (Figure 1) summarizes the 
existing sources of mineral extraction (metallic and energetic), where some of the reported 
Cr and Cd-contaminated regions were identified. For example, in an active mine located in 
Coval da Mó high contamination levels with Pb, Zn and Cd were reported (Ferreira da Silva 
et al. 2009). Abandoned mines are still sources of metal contamination, like the Lousal mine 
where water and sediments contain high concentrations of Cd and other metals (Luís et al. 
2011). In sampling sites of Ave River, water and sediments presented contamination with 
Cd and other metals, with the highest levels being found in areas near industries and 
highways (Pinto et al. 2011). 
Since 1999 the Portuguese Environment Agency has been performing regular analyses 
of hazardous substances in monitoring stations of water sources (interior, estuary and coastal 
waters). The most recent report (Portuguese Environment Agency 2012) shows that Cd is 
among the most detected metals in sediments of these waters in the period of 1999-2004. 
The highest levels of Cd were found in monitoring stations near mines (e.g., Dornelas do 
Zêzere near Panasqueira mine (the major W mine of Europe) and in areas with a great urban 
and industrial impact (e.g., Lisbon and Setubal areas) (Figure 1). 
4 
 
 
Figure 1. Reserves of metallic and radioactive minerals in Portugal, and several regions 
contaminated with Cd, Cr or both metals. In general, in contaminated sites that are not 
located near mineral reserves, the main source of Cd and/or Cd presence/contamination is 
due to industrial and urban activity (adapted from Direcção Geral de Energia e Geologia 
(2013)). 
 
In addition to the detection of contaminating metals in water, aquatic organisms such as 
barbel (Barbus sp.), harvested in the rivers Vouga, Douro, Mondego, Tejo, Sado, and 
Guadiana, showed contamination with Cd in their liver, with the highest levels observed in 
fishes from Sado River. Moreover, in all monitoring stations of estuary or coastal waters Cd 
was detected being the highest values found in Viana do Castelo, Castelo do Queijo, and 
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Lagos. Also in all stations of estuary or coastal waters Cd was found to accumulate in 
mussels and plankton (Portuguese Environment Agency 2012). The same report showed that 
Cr was also detected in some monitoring stations (e.g., Ribeira de Pernes) in water, and in 
the liver of fishes captured in Sado River (Portuguese Environment Agency 2012). 
Environmental contamination with Cr in Portugal is mostly linked to industrial 
activities, and the Portuguese Environment Agency (2012) also identified the main and most 
recent national areas having Cr soil contamination (excluding mining areas), or where Cr 
and/or Cd represent a concern (including other contaminants). The national agency has 
approved investments for environmental recovery of soils contaminated with Cr and/or Cd. 
For example, investments were approved to recover soils of a former steel industry in Seixal 
(Cr and Cd contamination), and to recover the treatment plant of the tannery industry of 
Alcanena contaminated with Cr (Branco et al. 2005) (Figure 1). 
More watercourses in other regions of the country had sediments contaminated with Cr 
(among other metals). Particularly relevant are the Aveiro canals, near former industries of 
ceramic and metallurgy, and the Murtosa canal that receives wastewater discharges from the 
Chemical Complex of Estarreja (Martins et al. 2013) (Figure 1). 
In addition to environmental contamination, occupational exposure has also been 
identified as a main way of human contamination. As an example of these two ways of 
contamination, individuals working in Panasqueira mine, and populations living nearby, had 
higher concentrations of As, Cr, Mg, Mn, Mo, Ni, Pb, S, Se, and Zn compared to individuals 
living in non-contaminated areas (Coelho et al. 2014). Curiously, the populations 
environmentally exposed (and mainly women compared to men) showed higher levels of 
these metals (Coelho et al. 2014) and DNA damage (Coelho et al. 2013) than a similar 
population that was occupationally exposed. The higher frequency of MN (only in females) 
and chromosome aberrations was proposed by the authors to be related to environmental 
exposure (Coelho et al. 2013). Also, in a U mine area (in Cunha Baixa, Mangualde) 
contaminated with several metals (including Cd), local wild animals (mice and earthworms) 
accumulated high levels of Cd (Lourenço et al. 2012, 2013). 
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Chromium 
Plants contamination by Cr: environmental contamination with Cr and its toxicity 
depend on multiple conditions (e.g., Cr oxidation state, soil/water pH and model organism) 
(Peralta-Videa et al. 2009). Particularly, the oxidation state (Cr, Cr2+, Cr3+, Cr4+, Cr5+, and 
Cr6+) is crucial, being Cr3+ and Cr6+ the most stable forms (Zayed and Terry 2003), and Cr6+ 
the valence most widely studied concerning toxicity. The oxidative state of Cr affects Cr 
solubility and bioavailability in the environment, as well as its absorption, accumulation and 
toxicity in living organisms (Panda and Choudhury 2005). Contamination of crops with Cr 
may occur through contaminated irrigation water, soil and air/aerosols.  
Contrarily to Cr6+, the effects of Cr3+ in plants are rather unknown (e.g., Song et al. 
2014), and it has been widely assumed that Cr3+ is not necessary to plants and presents low 
toxicity or even may stimulate growth at low doses. For example, in bean plants, Cr3+ at low 
concentrations (0.25-1 µM) enhanced plant growth (Bonet et al. 1991). In another study, the 
response of seedlings of sorghum exposed to 50 and 100 µM Cr6+ or Cr3+ for 10 days was 
compared (Shanker and Pathmanabhan 2004). The results showed that Cr3+ led to lower 
accumulation of Cr in plant organs than Cr6+, and in both conditions the highest level of Cr 
was found in roots, followed by leaves and stems. Furthermore, 50 µM Cr3+ did not induce 
plant growth inhibition, neither increased ROS content in leaves, while Cr6+ reduced plant 
growth and was more cytotoxic (Shanker and Pathmanabhan 2004). Compared to the effects 
of Cr3+, Cr6+ induced higher levels of ROS, and lipid peroxidation, and stimulated 
antioxidant enzymes (SOD, DHAR, GR, CAT, and APX), but decreased GSH. Therefore, 
at the cellular level, Cr6+ induced an unbalance between ROS production and antioxidant 
defenses, i.e. Cr6+ induced oxidative stress (Shanker and Pathmanabhan 2004). More 
recently, Song et al. (2014) demonstrated in barley (Hordeum vulgare) that the Cr3+ toxicity, 
measured by the metal effects on root elongation, decreased with increasing activity of Ca2+ 
and Mg2+ (but not with K+ or Na+). The effect of pH was also explained by the H+ 
competition with Cr3+ and the concomitant toxicity of CrOH2+ in solution. 
Induction of growth inhibition by Cr6+ was reported in maize (Sharma et al. 2003), 
citrillus (Dube et al. 2003), and alfalfa (in particular, root and shoot growth inhibition) 
(Peralta et al. 2001). In these studies, maize also presented chlorosis together with decrease 
of chlorophyll a and b contents and CAT inhibition (Sharma et al. 2003); citrillus showed 
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necrotic leaves and alterations in minerals content (Dube et al. 2003); and alfalfa had 
decreased seed germination (Peralta et al. 2001). 
Our laboratory has extensively studied the toxic effects of Cr6+ in crops, particularly in 
Phaseolus vulgaris: in addition to root growth inhibition (Rodriguez et al. 2011), our group 
showed that Cr6+ negatively affected photosynthesis in pea plants after 28 days of exposure, 
e.g., by changing the morphology of chloroplasts, decreasing photosynthetic pigments 
content, the rate of CO2 assimilation, as well as Rubisco activity (Rodriguez et al. 2012). 
Furthermore, genotoxic effects of Cr6+ were also observed in these plants, i.e., Cr6+ induced 
DNA damage, polyploidization, and mutations, associated with cell cycle arrest at G2 phase 
(Rodriguez et al. 2011, 2013). 
Human contamination by Cr: Despite the consensus that Cr6+ is toxic for both plants 
and animals (O’Brien et al. 2013; see Chapters 2.1 and 3.1), Cr 3+ is essential to animal diet, 
contributing to the normal metabolism of proteins, carbohydrates and lipids (Peralta-Videa 
et al. 2009). Some in vivo (mouse, rat and fruit fly) and in vitro (mouse and human cell lines) 
studies showed that Cr3+ used in nutritional supplements was not significantly toxic, while 
other studies showed that Cr3+ induced DNA damage, mutations, decrease of cell viability, 
or increase of cancer rates in offspring in mice (Levina and Lay 2008). Cr3+ supplements are 
freely available in the market, e.g., Cr3+ picolinate that was approved and considered safe by 
Food and Drug Administration (USA) and by Food Standards Agency (UK). But both 
agencies and the Agency for Toxic Substances and Disease Registry have been following 
published scientific data about toxicity of Cr3+ compounds used as dietary supplements. 
Considering this followed data the Agency for Toxic Substances and Disease Registry alerts 
for supplement consumption that should be taken with care, mainly at excessive doses 
(Wilbur et al. 2012). 
Human/animal contamination with Cr may occur by several ways, including ingestion 
of contaminated water or food (via the food chain), occupational exposure (Keegan et al. 
2008), and use of Cr-containing medical devices (e.g., dental (Eliasson et al. 2007), hip or 
other joint orthopedic prostheses (Sampson and Hart 2012)) often made of stainless steel or 
Co-Cr alloys (Gunaratnam and Grant 2008; Sampson and Hart 2012). During the use of 
some of these Cr-containing prostheses metal debris are released in the form of particles or 
ions (Cr6+ (Eiselstein et al. 2007)) and spread to many tissues (Gunaratnam and Grant 2008; 
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Campbell and Estey 2013) where they can lead to cyto- and genotoxicity (see more details 
in Chapter 3.1). 
An experimental study demonstrated that mice exposed to Cr6+ suffered from oxidative 
stress leading to an increase of lipid and protein oxidation (Ben Hamida et al. 2013). The 
authors also demonstrated that the levels of nonenzymatic antioxidants (GSH, nonprotein 
thiol, vitamin C) as well as antioxidant enzyme activities (GPx and SOD) decreased despite 
of an increase of CAT activity. Also several biomarkers of liver injury (e.g., aspartate 
transaminase, alanine transaminase and lactate dehydrogenase activities, bilirubin, and 
albumin levels) increased (Ben Hamida et al. 2013). 
The toxic effects of Cr6+ in chrome electroplating workers were evaluated in a research. 
For that, blood Cr levels and biomarkers of oxidative stress such as lipid peroxidation, thiol 
groups and antioxidant capacity of plasma were analyzed (Zendehdel et al. 2014), 
demonstrating Cr6+ induced biochemical toxicity. Another study demonstrated that chronic 
exposure to Cr6+ could disrupt blood element homeostasis (Song et al. (2012) vide Song et 
al. (2014)). These authors demonstrated in Sprague-Dawley rats that among blood, serum, 
and RBCs, the latest is the most sensitive to Cr6+ exposure. Song et al. (2014) also found 
dose-response relationships among rats exposed to Cr6+: Ca, Mg, and Mn in blood, Fe, Mg, 
and Se in serum, and Mg and Zn in lung tissue decreased with exposure. However, Ca, Co, 
Cr, Mg, Mn, and Se in RBCs, and Ca, Co and Mo increased in lung after Cr6+ exposure 
(Song et al. 2014). 
In general, it has been demonstrated that absorbed Cr in mammalians distributes to 
nearly all tissues and it mostly accumulates in kidney and liver. Moreover, bone is also a 
major target, thus contributing to long-term persistence of Cr in the organism (Wilbur et al. 
2012).  
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Cadmium 
Crops contamination by Cd: As stated above Cd is used in industry (e.g., mines, 
production of batteries, coatings and plating, pigments, plastic stabilizers, and also alloys 
(Faroon et al. 2012)). The improper disposal of wastes in the environment has led to Cd 
spread and contamination, accumulating in plants that are grown in contaminated soils. For 
example, high levels of Cd accumulated in edible parts of 20 plant species (e.g., lettuce, 
tomato, bean, carrot, and spinach plants) harvested from several sites around a Zn plant in 
Huludao, in China (Zheng et al. 2007). Also other wild organisms like mushrooms living in 
contaminated areas accumulate Cd (Petkovšek and Pokorny 2013). 
Humans are generally exposed to Cd by ingestion of contaminated food (e.g., crops, 
mollusks, and crustaceans). In particular, cereals such as rice and wheat, green leafy 
vegetables, potato, carrot and celeriac may contain higher Cd levels than other edible plants 
and even more than fish and meat (Järup and Akesson 2009). Many urban gardens, like some 
from the urban area of Porto, have been found to contain soil contaminated with Cd, other 
metals and other toxic compounds at levels exceeding maximum values allowed by 
governmental laws, and at higher levels than those quantified in rural areas (Rodrigues et al. 
2013). Therefore, plants harvested in urban areas are at risk of being contaminated with 
metals. This occured in harvested plants from home gardens of the municipality of Celje in 
Slovenia. Among these plants root and leafy vegetables accumulated more Cd compared to 
grain vegetables (Bešter et al. 2013). 
Concerning Cd accumulation and its effect on plant growth, a research study showed 
that four plant species, Zea mays (sweet corn), Triticum aestivum (wheat), Cucumis sativus 
(cucumber), and Sorghum bicolor (sorghum) that were grown for 5 days in an artificial soil 
contaminated with increasing Cd concentrations, accumulated this metal in their tissues, 
mostly in roots (An 2004). Although seed germination was insignificantly affected by Cd, 
the growth of seedlings decreased in a dose-dependent manner. Moreover, between root and 
shoot growth evaluation, root growth was the most sensitive endpoint of Cd toxicity in these 
plant species. In particular, sorghum was the species accumulating the highest levels of Cd 
and the most sensitive to Cd, followed by cucumber, wheat, and sweet corn (An 2004). 
Similarly to Cr6+, in most species, Cd is also able to decrease the levels of chlorophyll 
pigments by substituting Mg2+ (Mysliwa-Kurdziel and Strzałka 2002), thereby inducing 
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chlorosis (Sanità di Toppi and Gabbrielli 1999). Cd may cause necrotic lesions in plant 
organs (Sanità di Toppi and Gabbrielli 1999) and may affect photosynthesis (e.g. in lettuce 
(Monteiro et al. 2009b; Dias et al. 2012)). Cd also induces oxidative stress by increasing 
ROS levels and changing the activity of antioxidant enzymes e.g. in lettuce (Monteiro et al. 
2009b; Chapter 2.2). Cd is genotoxic to plants, as this metal induced DNA damage detected 
by comet assay in species like Allium cepa, and Nicotiana tabacum (Bandyopadhyay et al. 
2011), or MN formation in Vicia faba (Souguir et al. 2010) (), and microsatellite mutations 
in lettuce, which were dependent on plant age and exposure conditions (Monteiro et al. 2007, 
2009a). 
Tobacco plants accumulate high levels of Cd in their leaves, and because of that, 
inhalation of tobacco smoke is an important source of Cd exposure in humans (Järup and 
Akesson 2009). 
Human contamination by Cd: Cd has a long biological half-life in humans/animals, 
particularly in kidneys and liver. Chronic ingestion of Cd might lead to different pathologies, 
like neurological diseases, infertility, diabetes, cancer, or renal and bone injuries like 
osteoporosis and osteomalacia (Oliveira et al. 2009; Nair et al. 2013). 
Cadmium is known to cause a disease called “Itai Itai disease”, characterized by loss of 
bone tissue and failure of the kidneys. This disease was first mentioned in the early 20th 
century, when the population living near the Jinzu river basin in Toyama, Japan, was exposed 
to Cd by drinking contaminated water and by ingesting contaminated rice grown in that area 
(Nordberg 2009). More recently, a study involving a population living in an industrial 
complex in Korea showed high levels of Cd in urine associated with osteopenia and 
osteoporosis in adults, being the older people and female the groups presenting lower bone 
mineral density (Shin et al. 2011). 
Cadmium is classified as carcinogenic to humans based on animal studies and 
occupational exposure to workers (IARC 1993). For example, wild mice living in a Cd-
contaminated mine in Cunha Baixa, showed accumulation of Cd in bones, kidney and liver. 
These mice also showed altered gene expression of tumor suppressing genes (Lourenço et 
al. 2013). In addition, these mice and earthworms showed DNA damage (Lourenço et al. 
2012, 2013).  
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Chromium and cadmium in the trophic chain: some case studies 
As reported above, a way of human contamination by Cr and Cd includes ingestion of 
contaminated water and food (including contaminated crops). Some ecotoxicological studies 
have been done to evaluate the potential of metal transfer/biomagnification through different 
levels of the trophic chain. But compared with toxicological studies in isolated organisms, 
the consequences and fate of metals from plants/producers through terrestrial food chain has 
been less studied. Most research involved studies of metal transfer in the trophic chain in 
aquatic environments. Some authors (Wallace and Luoma 2003; Seebaugh and Wallace 
2004) suggested that trophically available metal [i.e., metal associated with heat shock 
proteins such as MT, high density proteins (such as enzymes), and organelles] could support 
the bioenhancement of Cd transfer along aquatic food chains. 
Some of the biological models used to assess metal bioaccumulation in situ or in lab 
conditions include crops such as pea (Rodriguez et al. 2011) and lettuce (Monteiro et al. 
2009b), and other species (Zheng et al. 2007) including the hyperaccumulator plant species 
like Thlaspi spp. (Monteiro et al. 2010). Regarding animals/consumers, models as 
earthworms (e.g., Eisenia fetida (Alonso et al. 2009)), aquatic organisms like isopods (e.g., 
Porcellio dilatatus (Monteiro et al. 2008)), mollusks (e.g., oyster (Kurochkin et al. 2011)), 
crustaceans (e.g., Daphnia magna (Regaldo et al. 2009), crayfish (Kuklina et al. 2014)) and 
foraminiferal species (Martins et al. 2013); snails (e.g., Scheifler et al. 2002; Ebenso et al. 
2013); rodents (Lourenço et al. 2012, 2013; Tête et al. 2014) and birds (Coeurdassier et al. 
2012) were used. Also, microalgae (e.g., Chlorella vulgaris (Regaldo et al. 2009), diatoms 
(Ferreira da Silva et al. 2009)), bacteria (e.g., Megharaj et al. 2003; Khan et al. 2010; Kumar 
et al. 2012), and fungi as edible mushrooms (e.g., Kalač 2010) were also used. These 
organisms are considered bioindicators of metal contamination in ecosystems because they 
can be used for monitoring purposes in contaminated sites by evaluating metal 
bioaccumulation and toxicity in these living organisms. 
The availability of a metal does not only depend on the total metal concentration in 
soil/water by itself, but it also depends on the pH of soil/water, metal form, organic matter 
content, chelating agents, as well as the species of living organism and the route of exposure 
(Rogival et al. 2007; Peralta-Videa et al. 2009). Thus, the bioconcentration factor (ratio 
between the metal concentration accumulated in the organism and the metal concentration 
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in the environment) is consequently different (Peralta-Videa et al. 2009). In a study of 
Marchese et al. (2008) the bioconcentration factor of Cr was calculated in several aquatic 
organisms from different levels of the food chain following 28 days of exposure to Cr-
contaminated sediments. Plants (Ceratophyllum demersum) presented the highest value, 
718.66 ± 272.91, followed by worm (Limnodrillus udekemianus) with 172.55 ± 80.8, the 
crab (Zilchiopsis collastinensis) with 67.72 ± 35.4, and the fish (Cnesterodon 
decemmaculatus) with 23.11 ± 12.82 (Marchese et al. 2008). Moreover, through the food 
chain, metals can be assimilated at different rates. For example, Calhôa et al. (2006) showed 
that Cd was more efficiently assimilated by isopods fed with lettuce contaminated 
superficially with 100 µM Cd(NO3)2 than by isopods fed with biologically contaminated 
lettuce (i.e., lettuce grown and exposed to 100 µM Cd for 7 days). This fact was related to 
the form of Cd present in lettuce: in biologically exposed lettuce, Cd was bound to thiol 
groups forming complexes of e.g., Cd-GSH, or Cd-Cys, reducing Cd availability; on the 
other hand, in lettuce superficially exposed to Cd, the metal was more available, leading to 
a high level of accumulation in isopods (Calhôa et al. 2006). Another study showed that Cd 
bioavailability to isopods was dependent on the subcellular partitioning of the metal in 
lettuce and two species of Thlaspi spp. (T. caerulescens, a hyperaccumulator species, and T. 
arvense, a nonaccumulator species) (Monteiro et al. 2008). Also Ding et al. (2013) used 
Amaranthus hypochondriacus L. and the insect Prodenia litura to characterize Cd allocation 
along these trophic levels and corresponding detoxification strategies. When exposed to 
contaminated soil, A. hypochondriacus leaves accumulated high levels of Cd and the 
concentration in P. litura larvae increased with increasing Cd concentrations in the leaves 
used as food supply. The authors found high Cd transfer coefficients from soil to leaf and 
from larvae to feces. A. hypochondriacus leaves showed the highest contents of Cd in 
pectates and in protein-integrated forms (Ding et al. 2013). On the other hand, cell fractions 
of P. litura larva showed that the type of proteins dominant for metal-binding 
compartmenting Cd were those obtained in the heat-stable protein fraction. These data 
supported that the way Cd is retained/accumulated at subcellular level is crucial for the 
mechanisms of Cd sequestration and excretion by P. litura larva feeding (Ding et al. 2013). 
Also in the worm species Limnodrilu hoffmeisteri, Cd showed different levels of 
bioavailability depending on its association with molecules or organelles. Cd associated with 
high density proteins and heat shock proteins was fully available to the consumer 
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Palaemonetes pugio, while Cd bound to organelles was less (70%) trophically available, and 
Cd bound to metal-rich granules was unavailable (Wallace and Lopez 1997). 
Many ecotoxicological assays involve monitoring of contaminated areas, and organisms 
living there to assess metal bioaccumulation. For example, in several metal-contaminated 
sites near an active non-ferrous metallurgic factory in south of Antwerp, in Belgium, the 
metals As, Cd, Cu, Pb and Zn were found in soil (Rogival et al. 2007). In that study, two 
foods of the diet of wood mice – acorns (seeds of Quercus robur) and earthworms – were 
collected. Regarding Cd, the metal concentration in soil was positively correlated with Cd 
concentration in acorns and earthworms. Moreover, wood mice also living near the factory 
accumulated Cd in liver and kidneys, in a dose dependent manner related to the Cd 
concentration present in mouse diet (Rogival et al. 2007), supporting Cd transfer and 
bioaccumulation. 
Juvenile snails (Helix aspersa), fed for 4 weeks with rape plants previously 
contaminated with Cd, showed Cd accumulation (Scheifler et al. 2002). In another study, 
other snail species (Limicolaria aurora) was fed for 4 weeks with edible mushrooms that 
were harvested in three contaminated (Cd, Cr, and other metals) farm sites in Niger Delta 
(Nigeria) (Ebenso et al. 2013). However, the metal uptake by the snails was low and 
bioaccumulation was not enough to consider the snails improper for human consumption (< 
1 mg Kg-1 Cr or Cd, (FAO/WHO 2001 vide Ebenso et al. 2013)). 
Compared to Cd, less ecotoxicological assays have been done regarding Cr 
contamination of the environment and its transfer through the trophic chain. Some studies 
show the possibility of Cr accumulation and toxicity in organisms. For example, Kuykendall 
et al. (2006) exposed two species of fish, fathead minnows and largemouth bass 
(Micropterus salmoides) (predator), to 2 ppm Cr6+ in water for 4 days. Cr6+ led to DNA-
protein crosslink formation in erythrocytes of both species (higher levels in fathead 
minnows). When largemouth bass individuals were fed with fathead exposed to Cr6+ DNA-
protein crosslinks also increased. Thus, both water and diet intake with Cr6+ led to DNA-
protein crosslink formation in a predator fish (Kuykendall et al. 2006). 
In Nord-Pas-de-Calais, France, where a former Pb and Zn smelter is located, some 
vegetables produced in agricultural soils and home gardens contained high concentrations 
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of Cd and Pb at levels higher than permissible values for human consumption (Douay et al. 
2013). In other polluted areas, in Zhejiang Province, China, there are agricultural fields 
located near local industries (e.g., metal smelting and battery making) where high levels of 
Pb, Cd, Cr, Hg, and As were found (Liu et al. 2013). Almost 300 vegetable species were 
sampled from these soils and depending on the plants species metals accumulated at different 
levels: e.g., celery accumulated the highest Cr concentration and tomato the lowest, and 
asparagus and lettuce plants accumulated higher Cd and Cr concentrations compared to rape. 
According to the model of risk assessment applied in this study, Cd is the metal causing the 
greatest cancer risk (Liu et al. 2013). 
 
Mechanisms of chromium and cadmium uptake in plants and humans 
Chromium 
Uptake of Cr by plants and translocation from roots to shoots depends on the metal 
oxidation state, which in turn depends on soil pH, organic matter, chelating compounds, and 
microorganisms present in the rhizosphere (Manara 2012). In particular, in acidic soils Cr6+ 
compounds are more mobile and also more easily reduced to Cr3+. Moreover, the organic 
matter, Fe2+, and sulfites can readily reduce them to Cr 3+, whereas manganese oxides can 
oxidize Cr3+ to Cr6+ (Becquer et al. 2003). In addition, some compounds from root exudates, 
like organic acids may reduce Cr6+ and/or form complexes, increasing the solubility and 
mobility of Cr through the root xylem (Bluskov et al. 2005). 
In the current proposed model of Cr uptake and toxicity in plant roots (Figure 2), both 
Cr6+ and Cr3+ are taken up via symplast (Shanker et al. 2005) and plants may be capable of 
reducing Cr6+ to Cr5+, Cr4+ and Cr3+, contributing to detoxification of Cr6+ (Santos and 
Rodriguez 2012). Uptake of Cr6+ by root cells occurs by active transport through carriers of 
sulphate, phosphate and iron ions, while Cr3+ is taken up by passive transport (Shanker et al. 
2005). 
Figure 2 also shows that Cr6+ may be immobilized in vacuoles of root cells and possibly 
reduced to Cr3+ as a way of detoxification and prevention of Cr6+ translocation from roots to 
leaves (Shanker et al. 2005). In fact, Cr content is frequently very much higher in roots than 
in other parts of the plant. For example, it was evaluated the uptake of Cr3+ and Cr6+ in water 
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hyacinth, and it was found that both Cr states accumulated preferably in the root and that 
Cr6+ was more translocated (Paiva et al. 2009). In tumbleweed, the same pattern of Cr3+ and 
Cr6+ uptake was observed (Gardea-Torresdey et al. 2005). Unlike other metals (e.g., Cd), Cr 
is unable to induce PCs in plants (Shanker et al. 2005), and it is thought that Cr may induce 
the synthesis of MT, although the mechanisms involved are not yet clear (Shanker and 
Pathmanabhan 2004). 
 
 
Figure 2. Model of Cr uptake and toxicity in plant roots proposed by Shanker et al. (2005). 
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In animal cells Cr6+ (e.g., CrO4
2-) uptake (Figure 3A) occurs via anion channels 
(sulphate and phosphate) (Beyersmann and Hartwig 2008), like in plant root cells. In the 
extracellular environment Cr6+ may be reduced to Cr3+ as a way of prevention of toxicity, 
and the existent Cr3+ ions enter slowly into the cell by diffusion or phagocytosis (Collins et 
al. 2010; Zhitkovich 2011). According to Beyersmann and Hartwig (2008) and as shown in 
Figure 3A, Cr3+ can form complexes with hydrophobic ligands (e.g., 1,10-phenanthroline, 
2,2’-bipyridine, picolinic acid) that permeate by diffusion through plasma membrane. 
Moreover, Cr2O3 particles can be taken up by phagocytosis, and then solubilized in 
lysosomes and Cr3+ is released. Cr3+ can also bind to transferrin (competing with Fe2+) and 
enter the cell by endocytosis (Figure 3A). 
Figure 3B shows that once in cells, Cr6+ is rapidly reduced to Cr5+, Cr4+ and Cr3+ by 
reducing enzymes (e.g., NADPH cytochrome c reductase, GR) and non-enzymatic reducers 
like Asc, GSH, and Cys (Afolaranmi et al. 2008). As Cr6+ is being reduced, ROS are 
generated in Fenton or Haber-Weiss reactions (Raghunathan et al. 2009). These ROS and 
intermediate forms of Cr can induce genetic damages, including Cr-DNA adducts, Cr-DNA 
crosslinks, Cr-DNA-protein crosslinks, DNA interstrand crosslinks, oxidative DNA damage, 
DNA DSB/SSB and abasic sites (O’Brien et al. 2003). 
 
Figure 3. (A) Model of Cr uptake in animal cells, proposed by Beyersmann and Hartwig (2008). (B) Reduction 
of Cr6+ by Asc, Cys, and GSH, and formation of Cr-DNA adducts that may lead to cyto- and genotoxic effects. 
L – ligand (Asc, GSH, Cys, or histidine) (Adapted from Zhitkovich (2005)). 
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Cadmium 
Uptake of Cr in plants depends on the rhizosphere factors, as previously mentioned for 
Cr. When Cd ions come in contact with root cells, they can be retained in the cell wall 
containing pectic sites, hystidyl groups, and extracellular carbohydrates (e.g., callose and 
mucilage) (Manara 2012). Yang and Chu (2011) presented the mechanism of Cd uptake in 
plant root cells that is shown in Figure 4.  
 
Figure 4. Cd uptake and sequestration in vacuoles of plant cells (Yang and Chu 2011). 
 
Similarly to Cr, Cd enters the root cell via symplast (Clemens et al. 2002). The cell 
membrane of a root cell has several families of transporters (also observed in other living 
organisms) involved in metal uptake and homeostasis, and some of them like the ZIP family 
(carrier of e.g., Fe2+, Mn2+, Zn2+), has been associated with Cd2+ carriage into the cytoplasm 
(Yang and Chu 2011). In addition, Cd uptake can be reduced by membrane efflux 
transporters (CDF family) that pump Cd ions outside the cell, and these transporters can also 
carry Cd into the xylem (Manara 2012). The increase of Cd ions in cytoplasm increases the 
generation of Cys-rich metal binding peptides – PCs, which were identified in plants, fungi 
and diatoms, and apparently may also exist in some animals (Clemens et al. 2001). These 
are synthesized from GSH by PCS. Cd is then complexed with PC (due to thiol and carboxyl 
groups), originating a low molecular weight complex that is sequestered into the vacuole 
through an ABC transporter. Other Cd ions that enter into the vacuole via CAX transporters 
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(Ca2+/H+ antiports) and sulfide bind to low molecular weight complexes to produce the high 
molecular weight complex (Yang and Chu 2011). The vacuole is, therefore, the main storage 
compartment of Cd (Manara 2012), but when necessary, MTP and NRAMP transporters 
regulate the flux of metal ions (Yang and Chu 2011). Also in response to high Cd levels in 
cytoplasm, MTs (Cys-rich metal binding polypeptides (Cobbett and Goldsbrough 2002)), 
organic acids (e.g., malate, citrate and oxalate), amino acids (e.g., hystidine, and proline), 
GSH, and phytate (a main storage of phosphorous in plants) are able to chelate Cd (Yang 
and Chu 2011; Manara 2012), decreasing Cd availability to induce ROS formation and cause 
cellular damages. Besides being a chelating agent, MT is able to eliminate •O2
- and •OH by 
reaction of Cys residues, thus it can reduce the levels of ROS induced by Cd in cells (Yang 
and Chu 2011). Cd is translocated from roots to shoots as complexes and via xylem(Hossain 
et al. 2012). 
Uptake of Cd in animal cells may occur by different ways. Complexes of Cd with MT, 
albumin or other proteins enter the cell by endocytosis. Moreover, when Cd is free (Cd2+) or 
complexed with Cys, GSH, it can bind to active sites of carrier proteins and channels of 
substrates as amino acids, oligopeptides, organic anions or organic cations (e.g., the organic 
anion transporters Oat-1, Oat-3) to enter the cell (Bridges and Zalups 2005; Sabolić et al. 
2010). Cd ions can also be transported by carrier proteins and channels (mainly DMT1, 
voltage gated Ca2+ channels and ZIP8) involved in the uptake of divalent cations like Ca2+, 
Fe2+, and Zn2+. Figure 5 shows Cd entering the animal cell (according to Sarkar et al. (2013)) 
by these ion transporters and, when inside the cell Cd may take different pathways: (1) Cd 
competes with Fe2+, Mn2+, Cu2+, Zn2+, for active sites of MT either leading to misfolding of 
the protein or production of ROS/RNS that contribute to oxidative damage and, ultimately, 
to cell death; (2) Cd can also bind to MT displacing Zn2+ which in turn binds to MTF1 
transcription factor that encodes a transcription factor that induces the expression of MT and 
other genes involved in metal homeostasis; (3) Cd ions can also bind to ER membrane 
leading to release of Ca2+, which in turn can lead to apoptosis by caspases activation, or Ca2+  
can activate some kinases and phosphatases resulting in transcription of cell cycle genes 
(e.g., related with cell cycle progression, therefore influencing cell proliferation); binding of 
Ca2+ may also lead to proteasomal degradation of proteins. When in the cell, (4) Cd also 
induces apoptosis by mitochondrial pathway (Sarkar et al. 2013). 
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Figure 5. Cd uptake and some cytotoxic effects in animal cells (Adapted from Sarkar et al. (2013)). 
 
Chronic exposure to low Cd doses is highly correlated with Cd accumulation and 
cellular damages in kidneys, and Cd concentration in urine has been used as biomarker of 
long-term Cd exposure. However in acute exposure with high Cd doses, Cd mainly 
accumulates in liver, and Cd concentration in blood has been used as biomarker of a recent 
exposure to Cd (Godt et al. 2006). Besides bones, liver and kidneys, Cd can also accumulate 
in testis, spleen, heart, lungs, thymus, salivary glands, epididymis, prostate, pancreas, and 
central nervous system (Sarkar et al. 2013). 
 
Most current biomarkers used in metal exposure and toxicity assessment 
In the assessment of metal exposure and toxicity, different biomarkers have been used 
at all levels of biological organization (from molecules to cells, individuals, populations, 
communities and ecosystems) (Mussali-Galante et al. 2013). Figure 6 explains how 
biomarkers can be classified. The use of biomarkers allows the assessment of exposure level 
– biomarkers of exposure – and the extent of toxic response, including changes in the 
structure, function/performance of the cell/tissue/organism – biomarkers of effect (Bearer 
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2001; Mussali-Galante et al. 2013). For example, concerning biomarkers of exposure, one 
can consider the measurement of a contaminant or related metabolites (e.g., Cd, Cd-MT, Cr, 
Cr-GSH) in target organs/tissues or in body fluids. The set of biomarkers (of exposure and 
effect) are considered biomarkers of susceptibility allowing prediction of individual’s 
susceptibility to a particular compound/xenobiotic (Mussali-Galante et al. 2013). 
Biomarkers of susceptibility are therefore valuable tools for diagnostics providing insight 
into the mechanisms of action and the pathways and targets of the compound/xenobiotic. A 
set of biomarkers can also be used in biomonitoring, and risk assessment involving 
predictive evaluations in non-intentionally exposed organisms, populations, or ecosystems. 
 
Figure 6. Biomarkers of exposure, effect and susceptibility in an individual under xenobiotic exposure (Bearer 
2001). 
 
Therefore, the ideal combination of biomarkers should combine different types of 
biomarkers, and consider all levels of biological organization, including molecules, cell, 
organism, population, community and ecosystem (Mussali-Galante et al. 2013). Moreover, 
this ideal combination of biomarkers should allow a distinction between reversible and 
irreversible effects, by identifying the most sensitive changes occurring within the shortest 
period of time, and using minimally invasive techniques to the living being under study. 
At cellular level (in both plants and animals), metal biomarkers are frequently classified 
according to the cell’s ability for metal uptake and cytotoxic effects (Aziz et al. 2014). 
Cytotoxicity is usually evaluated by measuring changes in cell viability, oxidative stress, 
cell cycle progression, mitochondrial dysfunction, and cell death. In particular, these 
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biomarkers have been largely used in human cell lines (AshaRani et al. 2009; Aziz et al. 
2014). Other biomarkers are focused on measuring genotoxic effects. We highlight here 
DNA damage measured by comet assay – i.e., DNA DSB/SSB and alkali-labile sites; 
presence of MN in e.g., Allium sepa L. (Seth et al. 2008) and human cell lines (AshaRani et 
al. 2009); DNA-ploidy changes, which were identified, for example, by FCM in Pisum 
sativum (Rodriguez et al. 2011); and microsatellite instability, which was found in Lactuca 
sativa L. (Monteiro et al. 2009a) and in P. sativum (Rodriguez et al. 2013), exposed to Cd 
and Pb, respectively. These data support that at the cellular level one should combine 
cytotoxic with genotoxic biomarkers.  
The combination of multiple biomarkers of cytotoxicity and genotoxicity has been 
exhaustively investigated in animals and less in plants. Some of the cytotoxic and genotoxic 
biomarkers used to assess metal toxicity are commonly used in animals and plant models 
(e.g., oxidative stress, loss of membrane integrity, DNA damage, mutations, MN) (Monteiro 
et al. 2007, 2009b; Rodríguez-Serrano et al. 2009; Wu et al. 2010; Rodriguez et al. 2011; 
Patnaik et al. 2013). 
 
Brief notes on biological models used in metal toxicity assays 
In vivo vs in vitro assays 
Toxicological research usually involves in vivo assays with exposure of animals to 
chemicals, or in vitro assays using cell/tissue culture, or isolated organs. In vivo assays are 
closer to real exposure conditions because the response of an organism to a chemical is 
influenced by the function of organs, circulatory and lymphatic systems in superior animals, 
or vascular system in plants. Moreover, assays with living organisms imply different 
perspectives of exposure, i.e. acute exposure, or chronic exposure throughout their life cycle, 
where effects on reproduction may be observed. While in vivo assays using plants do not 
raise ethical issues (however it requires some logistic requirements), in vivo assays using 
animals have, nowadays, many restrictions. Regarding the value of animal welfare (without 
suffer, pain and discomfort) it is considered that an “animal is any vertebrate animal non 
human and cephalopods (as it was proved they suffer pain), including autonomous larval 
and/or reproduction forms” (European Commission 2010). In general, in vivo assays follow 
guidelines of good practices when using animals, following the principle of 3Rs firstly 
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advocated by William Russell and Rex Burch (Russell and Burch 1959), and actually into 
force by the European Commission (2010). This principle incites for Reduction of the 
number of animals used per treatment condition, Refinement of protocol methodologies 
providing the best possible welfare conditions, and Replacement of in vivo assays by in vitro, 
or in silico assays, or the use of lower organisms and/or at early stages of development (i.e. 
with or without incomplete development of neuronal system) (European Commission 
2010)). In the European directive it is stated that “An experiment shall not be performed on 
an animal, if another scientifically satisfactory method of obtaining the result…, is 
reasonably and practicably available” (European Commission 2010). 
 
Why lettuce and human bone cells as models? 
Toxicity assays on the effects of metals in humans cannot be done directly (only 
biomonitoring, risk assessment, and in silico evaluations) clearly due to ethical issues, thus 
in vivo assays using e.g., rats, mice, pigs, or in vitro assays have been performed. But using 
animal models not always reflects the human response to the same chemical. Therefore, in 
vitro assays using human cells are promising alternatives, providing preliminary data that 
may help in planning future trials in vivo. Other alternatives are the reduction of the number 
of animals and analyses of the necessary biomarkers only to avoid or at least reduce animal 
suffering. 
In this thesis, metal (Cr and Cd) toxicity is assessed in two biological models, plants in 
vivo (Chapters 2.1 and 2.2.), and human cells in vitro (Chapters 3.1-3.3.). Some plant species, 
including crops like lettuce (L. sativa L.) are recommended by OECD for standard ISO 
toxicity tests (OECD 2006). Lettuce was also chosen because it is a widely commercialized 
crop and able to accumulate metals (e.g., accumulation of Cd, Cr, Ni, Pb, among others, in 
edible parts (Peris et al. 2007)), and several toxicity effects have previously been observed 
in lettuce exposed to Cd (Monteiro et al. 2007, 2009a, 2009b, 2010). However, most of these 
studies provided non systematized data (e.g., focusing only some particular aspects of plant 
cellular response to Cd), being mostly focused on e.g., oxidative stress (e.g., Monteiro et al. 
2009b). Besides, data provided by Monteiro et al. (2009b) only used one dose, 100 µM, 
currently acknowledged as too high. Therefore, to decipher the mechanisms underlying Cd 
cyto- and genotoxicity and the cell responses, it is crucial to study, in a more systematic and 
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interdependent way, the cyto- and genotoxicity of lower doses 0, 1, 10, and 50 µM Cd. For 
that we will use the largest set of cytotoxic and genotoxic biomarkers ever used (to our 
knowledge): seed germination rates, plant survival and growth, Cd accumulation, oxidative 
stress (ROS, antioxidant enzyme activities), lipid peroxidation, protein oxidation, membrane 
integrity (membrane permeability), DNA damage (by comet assay), MN, and changes in cell 
cycle. With these data and other data available in the group (e.g., nutrient disorders, 
photosynthetic performance (Monteiro et al. 2009b; Dias et al. 2012)), or found in the 
literature, we can propose here a more mechanistic model on the action of Cd in the plant 
cell (Chapter 2.2). 
For in vitro assessment of Cr and Cd toxicity human osteoblasts (involved in bone 
formation) were used, due primarily to the accumulation of these metals in bones and their 
toxic effects in humans and other mammalians, including e.g., osteoporosis, as previously 
described, and in more detail afterwards in Chapter 3. Thus, a human osteoblast cell line, 
MG-63, was chosen for this work. This cell line (available in the American Type Culture 
Collection center) is derived from an osteosarcoma, a malignant bone tumor of a 14 years 
old Caucasian male and maintains some characteristics of the osteoblast phenotype, like 
growing in an adherent monolayer and expressing alkaline phosphatase and osteocalcin 
immunocytochemical markers (Pautke et al. 2004). These cells in culture present fibroblast 
morphology and are moderately differentiated and non-mineralizing (Schwartz et al. 1999; 
Hattar et al. 2002). Being a continuous cell line, MG-63 cell line, the cell growth for a long 
period of time is a major advantage compared to primary cell lines that can only replicate 
few times (Freshney 2005). There are many toxicity assays using osteoblast cell lines like 
Saos-2, U2-OS or MG-63, however they focus only on a single or few approaches of 
cytotoxicity or genotoxicity. For example, regarding the assessment of Cd cytotoxicity, some 
authors only evaluated cell viability and metal uptake (MG-63 cells were exposed to ≤ 100 
µM Cd for 3-24 h), or apoptosis (Saos-2 cells were exposed to 10, 100, 200 µM Cd for 3-48 
h (Romero et al. 2005; Coonse et al. 2007)). In our group, the evaluation of cyto- and 
genotoxicity of Cd (20, and 50 µM for 24, and 48 h) in MG-63 cell line have started with 
analysis of cell viability (Pinto 2011), DNA damage and cell cycle progression (Pinho 2011), 
in Chapter 3.2. However, in order to contribute for a larger and more integrative analysis of 
Cd cyto- and genotoxicity in MG-63 cell line we decided to add useful biomarkers (in 
Chapters 3.2 and 3.3), and an additional Cd concentration (65 µM) (in Chapter 3.3). Thus, 
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the new biomarkers included are: MN, NPBs, apoptosis and necrosis (using CBMN assay), 
cytoskeletal organization, expression of genes encoding for proteins involved in cell cycle 
regulation and DNA damage checkpoints, and Cd uptake (Chapter 3.2); expression of genes 
encoding for antioxidant enzymes (CAT, SOD, GR, GPx), ROS quantification, TAA, protein 
oxidation and lipid peroxidation, ΔΨm, mitochondrial morphology, mitochondrial 
respiratory chain complexes (I and IV) and citrate synthase activities, and cellular energetic 
status (Chapter 3.3). To enable an easier integrative analysis of the results and an enrichment 
of the overall discussion on cyto- and genotoxicity of Cd on MG-63 cells, the past presented 
results of our group and the new ones are unified in this thesis with the main purpose of 
publishing the results in two papers (one corresponding to Chapter 3.2 and other 
corresponding to Chapter 3.3). 
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Objectives 
The main objective of this thesis is to evaluate and understand the mechanisms of 
putative cyto- and genotoxic effects induced by Cr and Cd salts, in plants and human cells. 
To fulfill this objective, lettuce plants (Chapter 2: Chapters 2.1 and 2.2) were exposed to 
Cr3+/Cr6+ or Cd, and human osteoblasts (Chapter 3: Chapters 3.1-3.3) were exposed to Cr6+ 
or Cd. Several biomarkers of susceptibility related to metal uptake and cyto- and 
genotoxicity were used.  
To achieve this main goal, specific aims were defined and are distributed in Chapters, 
being the following: 
1. To evaluate putative cyto- and genotoxic effects of Cr3+/Cr6+ in lettuce, concerning 
biomarkers of general toxicity (e.g., plant growth), oxidative stress, cell cycle progression, 
and genotoxicity (DNA damage, MN formation, mitotic aberrations), addressed in Chapter 
2.1. 
2. To evaluate putative cyto- and genotoxic effects of Cd in lettuce, concerning 
biomarkers of general toxicity, the state of membrane permeability, cell cycle progression, 
oxidative stress, protein oxidation, lipid peroxidation, and genotoxicity (DNA damage and 
MN formation), addressed in Chapter 2.2. 
3. To evaluate putative cyto- and genotoxic effects of Cr6+ in human osteoblast cell line 
MG-63, concerning biomarkers of cell viability, cell cycle progression, and genotoxicity 
(DNA damage, MN, and NPBs formation), addressed in Chapter 3.1. 
4. To evaluate putative cyto- and genotoxic effects of Cd in human osteoblast cell line 
MG-63, concerning biomarkers of cell viability, cell death, cell cycle progression, 
genotoxicity (DNA damage, MN, and NPBs formation), and changes in gene expression, 
addressed in Chapter 3.2. Moreover, this objective is completed in Chapter 3.3, where 
biomarkers of oxidative stress, changes in gene expression, protein oxidation, lipid 
peroxidation, and mitochondrial function are assessed. 
In the final section of the thesis, Chapter 4, a global discussion with relevant conclusions 
of this work, and future perspectives are presented. 
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Abstract 
The extensive use of Cr compounds in industry and its unregulated disposal in soil and 
ground water result in significant adverse biological and ecological effects for the 
environment. Little is known about Cr3+ effects in plants, but Cr6+ even at very low 
concentrations can be toxic. This work aims to compare the effects of Cr3+ and Cr6+ (up to 
300 ppm) in lettuce after 30 days of exposure, regarding plant growth and cytogenotoxicity 
(cell cycle, MN, and mitotic aberrations). The results showed that both Cr forms led to Cr 
accumulation in a dose-dependent manner. Plant growth decreased in plants exposed to Cr6+. 
Moreover, neither Cr3+ nor Cr6+ concentrations disturbed cell cycle progression in lettuce. 
However, 300 ppm Cr6+ induced cytogenotoxic effects in roots including formation of MN 
and mitotic aberrations. As the high levels of toxicity were observed on Cr6+-exposed plants 
comparatively to Cr3+ that showed to be nontoxic, DNA damage and oxidative stress 
biomarkers were assessed in Cr6+-exposed plants. An increase of DNA damage with 
increasing Cr6+ concentrations was observed only in leaves. Antioxidant enzyme (APX, 
POX, CAT, GR, and SOD) activities showed different profiles dependent on the 
concentration of Cr6+ and on the organ of lettuce. In this comparative study, we demonstrate 
that Cr6+ was the toxic valence of Cr to lettuce, and it led to higher levels of Cr accumulation 
compared to Cr3+. Finally, Cr6+ showed cyto- and genotoxic effects that were not observed 
in Cr3+-exposed plants. 
 
Keywords 
Chromium, DNA damage, lettuce, micronuclei, mitotic aberrations, oxidative stress 
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Introduction 
Heavy metal contamination of soil caused by anthropogenic activities has become a 
worldwide problem due to the potential health impacts of consuming contaminated products 
(Schützendübel and Polle 2002). Besides its natural occurrence, in particular the extensive 
use of Cr compounds in industries such as pigment textile, leather tanning, stainless steel 
production, wood preservation, Cr chemicals production, pulp and paper production, mines, 
and its unregulated disposal in soil and ground water results in significant adverse biological 
and ecological effects for the environment (Zayed and Terry 2003; Brien et al. 2005; Shanker 
et al. 2005). Chromium occurs in various oxidation states (Cr, Cr2+, Cr3+, Cr4+, Cr5+ and 
Cr6+), but the most stable forms are Cr 3+ and Cr 6+ (Zayed and Terry 2003). These forms 
differ in terms of their mobility, bioavailability and toxicity (Panda and Choudhury 2005). 
Cr 3+ is essential in human and animal diet, and insufficient human dietary intake has been 
largely reported (reviewed by Pechova and Pavlata (2007)). In plants it was demonstrated 
that low Cr3+ concentrations enhanced growth (Zayed and Terry 2003; Peralta-Videa et al. 
2009), however there is still doubt about an essential role of Cr in plant metabolism (Sharma 
et al. 2003; Zayed and Terry 2003). At high concentrations, Cr 3+ may inhibit plant growth, 
and in humans it may decrease immune system activity (Gardea-Torresdey et al. 2005). Cr6+ 
usually occurs associated with oxygen as chromate (CrO4
2-) or dichromate (Cr2O7
2-) 
oxyanions (Shanker et al. 2005). The hexavalent form is mutagenic (Zhitkovich 2011) and 
is classified as a highly toxic/and human carcinogenic by the International Agency for 
Research on Cancer (IARC  1990), even at very low concentrations (Zhitkovich 2011). 
However, its effects are highly dependent on the type/solubility of Cr compound (eg., 
PbCr(O4), ZnCr(O4), CaCr(O4) or K2Cr(O4)), probably because the most soluble forms 
hardly reach high local concentrations in tissues/cells (O’Brien 2003). 
In plants, differential toxicity of Cr has been reported (e.g., Gardea-Torresdey et al. 
2005), wherein the hexavalent chromium has been found to be more toxic, more soluble and 
more mobile than the trivalent form (Panda and Choudhury 2005). Consequently, some 
hypotheses were proposed to justify the higher toxicity of Cr6+ in plants: it penetrates better 
the cell wall, it has better capacity of competing with other nutrients, it induces a stronger 
oxidative stress response, and it induces more damages in cell membrane (Zayed and Terry 
2003; Shanker et al. 2005). However, these hypotheses are based on isolated studies 
involving different Cr compounds. The exposure of plants to Cr interferes with several 
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metabolic processes, causing toxicity, which results in a reduction and inhibition of plant 
growth, foliar chlorosis, impaired photosynthesis, wilting, root injury and finally plant death 
(e.g., Vajpayee et al. 2000; Vernay et al. 2007; Yu et al. 2007; Scoccianti et al. 2008; Oliveira 
2012; Rodriguez et al. 2012; Singh et al. 2013). Chromium is an oxidant agent and is 
responsible for production of ROS: O2
-, 1O2, OH
-, H2O2 (Zayed and Terry 2003). 
Consequently, this metal causes oxidative stress which damages biomolecules such as lipids, 
proteins, pigments and nucleic acids (e.g., Vernay et al. 2007; Zou et al. 2009; Ozdener et 
al. 2001; Rodriguez et al. 2011; Adki et al. 2013; Patnaik et al. 2013), it changes the activities 
of antioxidant enzymes and others enzymes such as nitrate reductase and RNase (e.g., 
Sharma et al. 2003; Rai 2004; Shanker and Pathmanaabhan 2004; Maiti et al. 2012; Adki et 
al. 2013), and may alter plant water status (Vernay et al. 2007; Singh et al. 2013). 
In addition, an adequate antioxidant defense system requires efficient scavenging of 
ROS. Among these mechanisms of defense, there are antioxidant metabolites (e.g., Asc, 
GSH, tocopherol) and antioxidant enzymes capable of neutralizing free radicals and may 
reduce or even help to prevent some of the potential damage (Shanker et al. 2005). SOD is 
an antioxidant enzyme that converts the strong oxidant O2
- radicals into H2O2 and water, and 
the accumulation of H2O2 is prevented in the cell by reduction to water through the actions 
of either CAT, POX using guaiacol as substrate, or APX (Apel and Hirt, 2004; Singh et al. 
2013). Several enzymes are involved in the reduction and oxidation of antioxidant 
biomolecules, such as Asc and GSH. Among these enzymes, APX catalyses Asc oxidation 
to DHA while GR reduces GSSG with help of NAD(P)H (Smirnoff 1996; Smirnoff 2000; 
Singh et al. 2013). 
The present study focuses on the comparative effects of Cr3+ vs Cr6+ on plant growth, 
cell cycle disturbances and presence of MN, and mitotic aberrations of lettuce (L. sativa L. 
cv. Povoa). As data support that Cr6+ was more toxic, then the effects of Cr6+ on the 
antioxidant capacity (i.e., SOD, POX, APX, CAT and GR activities) of Cr6+-exposed plants 
were analyzed. These analyses were done in both roots and leaves as Cr6+ may accumulate 
differently in roots and leaves, therefore it could lead to different organ responses (Zayed et 
al. 1998; Oliveira 2012; Singh et al. 2013). Lettuce was chosen for this study since it is a 
recommended plant for standard toxicity tests (OECD 2006), and because it is one of the 
most consumed leafy vegetables in the human dietary. 
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Materials and methods 
Plant culture and growth conditions 
L. sativa L. cv. Povoa seeds were germinated in H2O in the dark, and seedlings were 
then grown in plastic pots (350 cm3) filled with a soil mixture of peat and vermiculite [1:3 
(v/v)]. The greenhouse conditions were photon flux density of 430 µmolm-2s-1, photoperiod 
of 16h/8h (light/dark), and a temperature of 23 ± 2 oC. During the first 15 days of the assay 
normal growth conditions were applied, watering plants twice a week with 15 mL of ½ 
strength Hoagland’s nutrient solution (pH 5.8). During the following 30 days, plants were 
watered twice a week with 15 mL of ½ strength Hoagland’s nutrient solution (pH 5.8), and 
once a week with 50, 150, 200 and 300 mg/L Cr6+ solution (K2CrO4), or with 50, and 300 
mg/L Cr3+ solution (CrCl3.6H2O). Plants without addition of Cr solution served as control. 
Before all subsequent procedures, plant roots were washed in a 5% Ca(NO3)2 solution 
to remove Cr adsorbed to the surface, and then washed in distilled water. Fresh leaves and 
roots were used for the analyses, with the exception of the measurement of antioxidant 
enzyme activities, where fresh roots and leaves were immersed in liquid nitrogen and kept 
at -80 ºC until further analyzes. 
 
General toxicity and measurement of plant growth 
At the end of Cr exposure, visible symptoms of toxicity like presence or absence of e.g., 
chlorosis, red color of leaves, necrotic spots and plant death, were recorded. 
The length of plants was used as a measure of plant growth. 
 
Total Cr content 
For total Cr quantification, fresh roots and leaves of plants exposed to Cr6+ or Cr3+ were 
dried at 60 ºC, and then treated according to Evers and Bücking (1976) for Cr content 
analyzis by ICP-AES (Jobin Ivon JY70 Plus). 
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Flow cytometric analysis 
Changes in cell cycle progression were evaluated in both roots and leaves by FCM, 
according to Rodriguez et al. (2011). Briefly, nuclei suspensions were obtained by fine 
chopping in WPB, containing 0.2 M Tris-HCl, 4 mM MgCl2, 2 mM EDTA, 86 mM NaCl, 
10 mM sodium metabisulfite, 1% PVP-10, 1% (v/v) Triton X-100, pH 7.5 (Loureiro et al. 
2007),  and then filtered through a 55 µm nylon mesh. To the nucleus suspensions, 50 µg 
mL-1 PI and 50 µg mL-1 RNase were added. At least 5000 nuclei were analyzed per sample 
in a flow cytometer (EPICS-XL Coulter Electronics, USA) equipped with an argon laser (15 
mW, 488 nm). The results were acquired using the SYSTEM II software (v. 3.0, Beckman 
Coulter®). The G0/G1 fluorescence peak of sample nuclei was adjusted to channel 200. The 
nucleus populations in the phases G0/G1, S, and G2 and changes in cell cycle progression 
were analyzed to assess putative Cr mitogenic/cytostatic effects. 
 
Micronuclei 
The procedure of MN assay was done according to the previous work of our group 
(Monteiro et al. 2012, see Chapter 2.2). Meristematic tissues from roots of control, and Cr3+ 
or Cr6+-exposed (50, and 300 ppm) plants were collected and stained with PI. Slide 
preparations were observed under 1000x magnification using a fluorescence microscope 
(Nikon Eclipse 80i) with an excitation filter of 510-560 nm and a barrier filter of 590 nm. 
To calculate the frequency of MN, a total of 200 cells were scored from three plants, per Cr 
concentration. The criteria of Fenech (2006) for identifying MN were followed. Images were 
captured with NIS-Elements F 3.00, SP7 software. 
 
Mitotic aberrations 
Meristematic tissues from roots of control, and Cr3+ or Cr6+-exposed (50, and 300 ppm) 
plants were collected and stained with a solution containing 2% acetic orcein with 2 N HCl. 
Samples were then fixed by heat, and observed under light microscopy (Nikon Eclipse 80i). 
Images were captured with NIS-Elements F 3.00, SP7 software. 
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Comet assay 
As Cr6+ showed to be more toxic than Cr3+ in the previous analyses, the procedure for 
DNA damage assessment was done only for this Cr valence. 
DNA damage was measured performing the comet assay as described by Gichner et al. 
(2004) with slight modifications. Leaves and roots from control, and Cr6+-exposed (50, 150, 
and 300 ppm) plants were sliced in cold 0.4 M Tris buffer (pH 7.5), and the isolated nucleoids 
were collected in the buffer. A mixture of 50 µL of the nucleoids suspension and 50 µL of 
1% LMPA was spread on each slide covered with a layer of 1% NMPA. The slides were 
immersed in an alkaline buffer (0.30 M NaOH and 1 mM EDTA, pH>13) for DNA 
unwinding (15 min) and electrophoresis at 0.74 V cm-1 and 300 mA for 30 min at 4 oC. 
Slides were then neutralized with 0.4 M Tris buffer (pH 7.5) and washed with water. 
Nucleoids were stained with ethidium bromide and examined using a fluorescence 
microscope (Nikon Eclipse 80i) equipped with an excitation filter of 510-560 nm and a 
barrier filter of 590 nm. Images were captured with NIS-Elements F 3.00, SP7 software. The 
parameter % tail DNA was calculated using image analysis software (CASPLAB v1.2.2). 
 
Antioxidant enzyme activities 
As Cr6+ showed to be toxic and Cr3+ non toxic in the previous analyses, further assays 
to assess antioxidant enzyme activities were done only with hexavalent Cr form. 
Antioxidant enzyme activities were estimated after 30 days of plant exposure to the Cr6+ 
concentrations (50, 150, 200, and 300 ppm). Frozen samples of leaves and roots were ground 
to a powder in a mortar and pestle using liquid nitrogen. The powder was homogenized 
according to Ali et al. (2005) with slight modifications. The following procedure was carried 
out at 4 ºC. The homogenization occurred in 0.1 M potassium phosphate buffer (pH 7.8) 
containing 5 mM Na2EDTA, 1% PVP and 0.2% (v/v) Triton X-100. Homogenates were 
squeezed through four layers of muslin and centrifuged in a refrigerated centrifuge at 8000g 
for 15 min. Supernatants obtained were used for enzyme assays (POX, CAT, APX, SOD 
and GR) and total soluble protein quantification. Protein concentration was determined 
according to the method of Bradford (1976) using the Total Protein Kit, Micro (Sigma-
Aldrich, USA). 
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APX activity was determined at 25 ºC by recording the decrease in absorbance at 290 
nm due to Asc (ε = 2.8 mM-1cm-1) oxidation to DHA by H2O2, according to the method of 
Nakano and Asada (1981). The reaction mixture contained 100 mM potassium phosphate 
buffer (pH 7.0), 0.5 mM Asc, and an aliquot of enzyme extract and 0.5 mM H2O2 were added 
to start the reaction. One unit of APX activity was expressed as mmol Asc oxidized per 
minute. 
POX activity was determined at 25 ºC following the Bergmeyer (1983) method, where 
the reaction mixture contained 96.5 mM potassium phosphate (pH 7.0), 0.3 mM guaiacol 
and enzyme extract. After starting the reaction with 0.12 mM H2O2, it was monitored the 
increase in absorbance at 436 nm resulting from the decomposition of H2O2 using guaiacol 
as hydrogen donor, leading to tetraguaiacol (ε = 25.5 mM-1cm-1). 
CAT activity was assayed at 25 ºC as described by Beers and Sizer (1952). Assay 
mixture contained 0.1 M potassium phosphate buffer (pH 7.0) and enzyme extract. To start 
the reaction, 20 mM H2O2 (ε = 39.4 mM-1cm-1) was added and decrease of absorbance at 
240 nm was recorded. 
SOD activity was assayed at 25 ºC by monitoring the decrease of absorbance at 560 nm 
generated by the inhibition of the reduction of NBT following the method of Agarwal et al. 
(2005). The reaction mixture contained 13.3 mM methionine, 63 μM NBT, 0.1 mM EDTA, 
50 mM potassium phosphate buffer (pH 7.8), 50 mM Na2CO3 and an aliquot of extract. 
Reaction was started by adding 2 μM riboflavin and placing the tubes under a fluorescent 
lamp (15 W) for 15 min. As control it was used a reaction mixture without the extract. To 
stop the reaction, the light was switched off and the tubes were maintained in the dark. For 
enzymatic and control assays a non-irradiated correspondent reaction mixture, with or 
without extract respectively, was used as blank. One unit of SOD activity was defined as the 
amount of enzyme required to cause 50 % inhibition of the reduction of NBT in comparison 
with control. 
GR activity was determined at 30 ºC according to Sgherri et al. (1994). The reaction 
mixture contained 0.2 M potassium phosphate (pH 7.5), 0.2 mM Na2EDTA, 1.5 mM MgCl2, 
0.25 mM GSSH, and enzyme extract. The reaction was started with 25 µM NADPH, and the 
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decrease in absorbance at 340 nm was monitored. The GR activity was calculated using the 
ε of NADPH (6.22 mM-1cm-1). 
 
Statistical analysis 
Results were expressed as the mean ± SD. Data were analyzed by one-way ANOVA (p 
< 0.05), followed by a Holm-Sidak test (p < 0.05) to evaluate the significance of differences 
in the parameters. When necessary, data were transformed to achieve normality and equality 
of variances. When these criteria were not verified, the non parametric test, Kruskal–Wallis 
one-way ANOVA by ranks, was done. All statistical analyses were performed using Sigma 
Plot 11.0 software (Systat Software Inc., Germany). The number of replicates (individuals) 
used for each parameter is provided in the corresponding figure. 
 
Results and discussion 
General toxicity and plant growth 
At the end of exposure, some plants treated with 300 ppm Cr6+ presented leaves with 
reddish colored regions. This effect was not observed in plants exposed to lower Cr6+ 
concentrations nor in plants exposed to any Cr3+ concentrations nor in control plants. Also, 
it is noteworthy that none of the tested Cr conditions induced plant death. 
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Figure 7 shows how Cr3+ and Cr6+ affected plant growth, in terms of the length of roots 
and shoots. Overall roots had much higher length than shoots, independently of the 
condition. Also, Cr3+ did not induce significant difference in length of roots or shoots 
compared to the control (Figure 7A). Contrarily, Cr6+ decreased the length of both shoots 
and roots of all Cr6+-exposed plants (Figure 7B). This effect was particularly significant to 
doses above 150 ppm, i.e. the toxic effects measured as the reduction of growth (length) 
were observed in both organs at the same doses of Cr6+(≥ 200 ppm). Similar results were 
shown in other research comparing the effects of Cr3+ with Cr6+ in sorghum plants, although 
much higher Cr doses were applied (50 and 100 µM) and for 10 days: 50 µM Cr3+ did not 
induce plant growth inhibition nor oxidative stress, while the tested Cr6+ concentrations 
reduced plant growth and led to more cytotoxic effects, including increase of H2O2, 
activation of antioxidant enzymes (SOD, APX, GR, DHAR, MDHAR), occurrence of lipid 
peroxidation, and depletion of GSH (Shanker and Pathmanabhan 2004). 
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Figure 7. Cr3+ and Cr6+ effect on lettuce growth, in terms of the length of shoots and roots (n = 4). (A) Cr3+. 
(B) Cr6+. Symbol * represents significant difference relative to the control (roots: 200 ppm – p < 0.05, 300 ppm 
– p < 0.001; shoots: 2000 ppm – p < 0.001, 300 ppm – p < 0.05). 
 
Contrarily to the absence of growth inhibition with Cr3+ in our study with lettuce, 
Shanker and Pathmanabhan (2004) observed that Cr3+ inhibited the root growth of sorghum 
at the dose of 100 µM (i.e., 26.6 ppm CrCl3.6H2O), a lower concentration than those used in 
our study and for only 10 days of exposure. Therefore, lettuce of our work was tolerant to 
Cr3+, while sorghum of the assay performed by Shanker and Pathmanabhan (2004) showed 
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to be sensitive to this metal that caused toxicity effects, even at lower Cr3+ concentrations 
and less time of exposure. 
These overall growth and morphological data indicate that, in terms of survival, both 
Cr valences at the concentrations tested were tolerated by the used lettuce cultivar. 
 
Total Cr content 
Figure 8 shows that Cr3+ and Cr 6+ were absorbed by lettuce and accumulated in plant 
organs in a dose-dependent manner. The level of Cr3+ accumulation (Figure 8A), in both 
roots and shoots, was much lower than that observed in plants exposed to Cr6+ (Figure 8B). 
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Figure 8. Cr accumulation in roots and leaves of lettuce exposed to Cr3+ (A), or Cr6+ (B) (n = 3). Symbol * 
represents significant difference relative to the control (roots: p < 0.05; leaves: p < 0.001). 
 
All conditions of Cr exposure led to higher Cr content in roots than in leaves. This result 
was also observed by Paiva et al. (2009) who showed that the uptake of both Cr3+ and Cr6+ 
in water hyacinth, led to Cr accumulation preferably in roots. In the same work the authors 
found that Cr6+ was more translocated to leaves compared to Cr3+ (Paiva et al. 2009). In our 
research, similar levels of metal translocation from roots to leaves were obtained 
(translocation factor = 0.2) in plants exposed to Cr3+ or Cr6+, with the exception of plants 
exposed to 50 ppm Cr6+ that had lower translocation rates of Cr to leaves (translocation factor 
= 0.1). From data, it is inferred that, as expected, Cr mostly accumulated in roots, though, as 
seen in other studies, the higher doses of Cr6+ affected photosynthetic activity (Dias et al. 
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2015, personal communication). Less translocation from roots to shoots may be due to a 
possible increased synthesis of MT that can bind to Cr (Shanker and Pathmanabhan 2004), 
and/or due to Cr6+ sequestration in vacuoles of root cells, where the ions are reduced to Cr3+ 
(Shanker et al. 2005), preventing higher levels of Cr6+ translocation from roots to leaves. 
 
Flow cytometric analysis 
Flow cytometric analysis showed typical cell cycle phases distributions, for control 
organs, compared with our previous studies with this species (e.g., Monteiro et al. 2012; see 
Chapter 2.2): there is a predominance of cells in G0/G1, and due to the preferential use of 
apical regions in the root samples, often root histograms presented higher frequency of cells 
in S and/or G2 than leaves, as observed in our study (Figure 9). In general, Cr
3+ and Cr6+-
exposed leaves and roots showed a similar profile between each other and between the 
exposed plants and the respective controls, supporting that none of the tested Cr valences 
induced changes in the dynamics of the cell cycle (no cytostatic nor mitogenic effects were 
observed, because no significant changes were observed in the percentage of cells in each 
phase). Also, histograms show clear diploid profiles (similar to the histograms shown in 
Chapter 2.2), not being observed any euploidy or aneuploidy aberration. Similarly to Cr3+, 
plants exposed to Cr6+ concentrations did not induce aneuploidy or euploidy changes, nor 
cell cycle disturbances in either leaves or roots of lettuce exposed for 30 days, with regard 
to control organs. 
Flow cytometric analysis allows determination of different events in the cell, including 
changes in the cell cycle, or alterations in the ploidy level (aneuploidy or euploidy), and even 
clastogenicity. From the present results, and similarly to other species, we found that neither 
Cr6+ nor Cr3+ induced changes in ploidy. For example, in pea plant it was observed that also 
high doses of Cr6+ did not induce ploidy anomalies (Rodriguez et al. 2011). Those authors 
found however, that higher Cr6+ doses in pea roots induced some changes in cell cycle 
dynamics (Rodriguez et al. 2011), while also inducing some point mutations (detected by 
microsatellites, Rodriguez et al. 2013) and clastogenicity (Rodriguez et al. 2011), not for the 
moment found in this lettuce cultivar.  
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Figure 9. Cell cycle phases distribution in leaf and root cells from lettuce plants exposed to Cr3+ or Cr6+, and 
control plants (n = 5). (A) Leaves of plants exposed to Cr3+. (B) Roots of plants exposed to Cr3+. (C) Leaves of 
plants exposed to Cr6+. (D) Roots of plants exposed to Cr6+. No significant differences were found between 
exposed and control plants (p > 0.05). 
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Mitotic aberrations and micronuclei 
Regarding the analysis of the presence of mitotic aberrations and MN in root cells from 
lettuce it can be pointed that, no abnormal mitotic figures were observed in controls (Figure 
10A), neither in any plants exposed to Cr3+. Similarly, at the lowest dose of Cr6+, 50 ppm, 
the metal did not induce visible abnormal mitotic figures. However, in the highest dose of 
Cr6+, 300 ppm, it was possible to observe in roots the presence of putative abnormal mitotic 
figures, that may support abnormal disjunction of chromosomes, often associated with MN 
appearance (Figure 10B and C). Finally, these same roots also showed the formation of 3 ± 
2 MN/200 cells (i.e., 15±10MN/1000 cells) (Figure 10D). However, more cytogenetic assays 
will be needed to confirm these putative abnormalities. 
 
Figure 10. Mitotic aberrations and MN induced by 300 ppm Cr6+ in lettuce root cells. (A) Normal mitotic cell 
from control plants (metaphase). (B) Putative abnormal metaphase from an exposed plant. (C) Putative 
abnormal anaphase from an exposed plant showing some lagging chromosomes. (D) Cells from exposed plants 
showing the presence of a MN pointed by an arrow. (1000x; bar: 20 µm). 
 
Other species were identified as having some genetic/mitotic sensitivity to Cr6+ as 
identified in V. faba with damages in mitotic index and chromosomal aberration (Chandra 
et al. 2004), as well as MN (Wang 1999). Also in Tradescancia sp. Knasmuller et al. (1998) 
identified MN formation in a Cr6+ dose-dependent manner. All these data support the results 
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obtained here, and that lettuce may be a good model species for this type of metal-related 
toxicity in mitotic disorders and MN formation. 
Other species were identified as having some genetic sensitivity to Cr6+ as identified in 
Brassica napus (in doses similar to those used here for lettuce, which induced point 
mutations detected by AFLP, and DNA methylation) (Labra et al. 2004). Also Labra et al. 
(2003) detected DNA mutations by AFLP in Arabidopsis taliana induced by Cr6+. So, in 
what concerns to lettuce, not only we demonstrate that Cr6+ induces genotoxicity in this 
species, using biomarkers also used for other species, but also that this may be an important 
species for genotoxicity studies. 
 
DNA damage 
The DNA damage was tested by the comet assay. Data showed that Cr6+ induced an 
increase of % tail DNA in leaves of lettuce subjected to 150 and 300 ppm Cr6+ for 30 days 
(Figure 11). However, in root cells exposed to the same Cr6+ doses, the exposure did not 
cause measureable DNA damage compared to the control (Figure 11). 
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Figure 11. The average median % tail DNA of leaves and roots nuclei after 30 days of Cr6+ exposure of lettuce 
(n = 3). Symbol * represents significant difference relative to the control (p < 0.05). 
 
These data can be explained by a possible existence of an adaptive mechanism in roots, 
with higher resistance of Cr in this organ (directly exposed to Cr) than in leaves, which may 
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be more sensitive to Cr exposure. For example, different mechanisms of accumulation and 
storage may be present in roots compared to leaves. The effect of Cr6+ on DNA damage was 
demonstrated in few studies, for example those of Koppen and Verschave (1996), who 
showed that K2Cr2O7 (up to 10
-3 M) induced DNA damage (using the comet assay) in V. 
faba. Cr6+ also induced DNA in other species as P. sativum (Rodriguez et al. 2011) and A. 
cepa (Patnaik et al. 2013). Similar results were already demonstrated in this thesis for Cr and 
other metals (e.g., Cd – Monteiro et al. 2012; see chapter 2.2). 
The comet assay has been increasingly accepted as a simple, versatile and sensitive 
method to measure DSB/SSB and alkali-labile sites in cells under stress. However, as in 
mitotic disorders, further studies must proceed to confirm these results. Nevertheless, these 
data are in line with data of increased mitotic disorders and MN occurrence in the highest 
Cr6+ dose. 
 
Antioxidant enzyme activities 
Figure 12 shows how the antioxidant enzyme system in roots and leaves of lettuce was 
differently affected by Cr6+. In general, under control conditions, the antioxidant enzyme 
system (APX, POX, GR, and SOD) is more expressed in leaves compared to roots. 
Antioxidant enzyme activities overall increased in Cr6+-exposed plants compared to control 
ones at higher Cr6+ concentrations.  
APX activity (Figure 12A) in control plants is about five times higher in leaves than 
roots. This enzyme activity showed a significant increase in leaves of plants exposed to Cr6+ 
concentrations above 150 ppm. In roots, APX activity decreased with the lowest Cr6+ 
concentration (50 ppm). At higher concentrations, and similar to that observed in leaves, 
there was an increase of APX activity in plants exposed to Cr6+ concentrations above 50 
ppm, but the level of that increase in roots was lower than that observed in leaves. However, 
while the increase at the highest dose in leaves was twenty times higher than the values found 
for control, in roots this increase did not reach three times the value of the control. This result 
suggests that despite leaves uptake less Cr than roots, directly or indirectly, this exposure to 
Cr6+ increases the activity of APX in leaves. 
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POX (Figure 12B) was also more active in leaves than roots, under control conditions. 
This enzyme activity showed a hormetic response as POX was inhibited in leaves of plants 
exposed to 50-200 ppm Cr6+, while the enzyme activity then increased at the highest Cr6+ 
dose (300 ppm), but it was not significantly different from the control. In roots despite of an 
initial slight decrease in the lowest dose, at the concentrations of 200 and 300 ppm Cr6+ the 
activity of POX increased substantially, suggesting that roots and leaves had for this enzyme 
a profile of a hormetic response to Cr6+ exposure. 
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Figure 12. Effect of Cr6+ exposure on the activities 
of APX (A), POX (B), CAT (C), GR (D), and SOD 
(E) from lettuce leaves and roots. Results are 
expressed as the mean ± SD (n = 3 pools of 
individuals). Symbol * represents significant 
differences relative to the control (APX: leaves p < 
0.001; roots 50, and 150 ppm Cr6+ p < 0.05, 200, and 
300 ppm p < 0.001; POX: leaves p < 0.001; roots 50 
ppm p < 0.05, 200, and 300 ppm p < 0.001; CAT: 
leaves and roots p < 0.001; GR: leaves p < 0.05; 
roots p < 0.001; SOD: leaves 150 ppm p < 0.05, 200, 
and 300 ppm p < 0.001; roots p < 0.001). 
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CAT activity (Figure 12C) increased in both leaves and roots of plants exposed to 200 
and 300 ppm Cr6+, and the incremental response was more evident in roots. 
GR activity (Figure 12D) decreased in leaves of plants exposed to the lowest Cr6+ 
concentration (50 ppm), however in roots, GR activity increased in plants exposed to 200, 
and 300 ppm Cr6+. 
SOD activity (Figure 12E) showed a significant increase in both leaves and roots from 
plants exposed to Cr6+ concentrations above 50 ppm in leaves, and with 300 ppm Cr6+ in 
roots. The increase of SOD activity was far superior in leaves than in roots. 
Data show that organs present different profiles of response to Cr6+ exposure. Briefly, 
most antioxidant enzymes in roots and leaves under moderate and/or high Cr-stress (> 50 
ppm) seemed to be stimulated, meaning that different protective pathways may have been 
activated. In leaves POX and GR activities were repressed for the lowest Cr concentration 
and POX were still inhibited with the other Cr6+ doses. Such as in leaves, in roots there was 
the same profile of inhibition of activity only with the lowest Cr6+ concentration, not only in 
POX but also in APX. Although in leaves the overall antioxidant system was stimulated with 
Cr6+ at concentrations higher than 50 ppm, POX was inhibited and GR was not stimulated 
which may have been enough to lead to a hypothetic increase of ROS in leaves compared to 
roots, which may explain the DNA damage found in leaves and not in roots. However, more 
studies must be performed to verify this hypothesis. 
It has been proposed by other authors that Cr-induced alteration of physiological 
activities in plants starts with malfunctioning of root physiology (e.g., Dhir et al. 2009), and 
may lead to impaired photosynthetic activities, disturbed water relations, or translocation of 
organic solutes (Panda 2007), and may also lead to point and gross mutations (Rodriguez et 
al. 2011; 2013). These processes may involve a first disturbance in the cell – oxidative stress. 
But the impact of oxidative stress on other events remains unclear. Wang et al. (2010) 
demonstrated that the uptake of Cr in excess induced oxidative stress by generation of ROS 
in levels that the cell cannot control. Plants under normal physiological status are able to 
balance internal ROS produced in different cellular compartments harboring electron 
transport chain (e.g., cell wall, apoplastic space, plasma membrane, chloroplast, 
mitochondria, etc). But the production of ROS beyond the capacity of cells may create 
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oxidative damage (Dhir et al. 2009). It was demonstrated for this  and other species that Cr 
increased ROS and lipid peroxidation, a crucial consequence of ROS increase, which may 
have dramatic consequences on cell membrane. 
The increase of peroxidase activity in plants exposed to Cr has been implicated as a 
detoxification of H2O2. Our results support previous earlier studies on upregulation of 
antioxidant enzymes under metal stress (Shanker et al. 2005), but this regulation is dependent 
on the organ. APX forms are present in cytosolic, chloroplastic, mitochondrial and other 
organelle environments and are reported to increase under various metal stresses (Hu et al. 
2007), similarly to what was observed in roots, which supports an efficient defense system 
in roots to combat ROS formation, as SOD is the first line of ROS defense. 
 
Conclusions 
In conclusion, the effects that Cr3+ and Cr6+ induced in lettuce were shown, supporting 
the importance of the Cr valence in the toxicity of this metal. While Cr3+ was nontoxic to 
lettuce, Cr6+ showed to be toxic as it caused cytogenotoxicity (DNA damage, mitotic 
aberrations and MN) and oxidative stress. However, other relevant processes as cell cycle 
progress were not affected by the concentrations used. A distinct behavior between leaves 
and roots were also demonstrated, as despite leaves accumulate less Cr, some effects (namely 
DNA damage) were more dramatic in leaves. On the other hand some enzymes related with 
antioxidant system seemed to be inhibited or not stimulated by the stress in leaves. These 
data suggest that leaves had a more deficient antioxidant capacity than roots, but further 
studies will be needed to support this hypothesis. 
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Abstract 
Cadmium is a priority pollutant. Its mechanisms and eﬀects within diﬀerent plant organs 
remain unclear. Here, cyto- genotoxicity biomarkers were evaluated in roots and leaves after 
Cd exposure (0, 1, 10, and 50 μM) of the model crop L. sativa L. (cv. “Reine de Mai”). 
Overall, SOD and CAT activities were stimulated in leaves, where Cd accumulation was 
lower in comparison to that in roots. In roots, SOD and peroxidase (POX, APX) activities 
were stimulated. Moreover, in both organs GR was not aﬀected by Cd. Overall, the H2O2 
content increased in both organs, while TAA decreased in leaves and increased in roots with 
Cd concentrations. In both organs, lipid and protein oxidation rose with consequent increase 
of membrane permeability. Simultaneously, the comet assay showed that tail moment, tail 
length, and % tail DNA were maximum for 1 μM. For 10 μM, shorter tails were found 
suggesting induced Cd-DNA adducts that lead to DNA-DNA/DNA-protein crosslinks, 
and/or formation of longer DNA fragments, and/or impairment of DNA repair mechanisms, 
while at 50 μM, nucleoids sensitivity to the technique was evident. This result was consistent 
with the maximum MN frequency found for the 10 μM Cd dose in roots, suggesting that the 
surviving cells in this organ had an increase of mitotic catastrophe and that DNA repair 
systems for blocking cell cycle were dysfunctional. In lower Cd concentrations, root cells 
might have developed strategies to repair damaged DNA by blocking the cell cycle at 
speciﬁc checkpoints, thus avoiding mitotic catastrophe. Roots at 1 μM showed a cell cycle 
blockage trend at the G2 checkpoint, while those at higher concentrations presented S phase 
delay. We ﬁnally discuss a general model of Cd-organ interaction covering these cyto- and 
genotoxic eﬀects and the potential use of this cultivar in phytoremediation strategies. 
 
Keywords 
Cadmium, DNA damage, metal contamination, micronuclei, oxidative stress, plants 
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Introduction 
Metal contamination of soil, water, and atmosphere is a worldwide problem due to the 
potential ecological and health impacts of contaminated products in plants (crops, in 
particular) and their transfer through the trophic chain (Nagajyoti et al. 2010). Cadmium 
naturally exists at low concentrations in the environment (0.04-0.32 µM) (Wagner 1993), 
but its main sources of contamination come from, e.g., mining, municipal, and industrial 
wastes, agricultural utilization of fertilizers, pesticides, and use of wastewater for irrigation 
(Nagajyoti et al. 2010). Cadmium is classified as Category 1 of human carcinogens (IARC 
1993) and is in priority lists of hazardous substances/pollutants established by 
Environmental Protection Agency (2010) and European Commission (2001). 
Plants are widely used as environmental bioindicators in toxicity assessment in 
terrestrial and aquatic environments (OECD 2006). However, the most common plant metal 
toxicity assays and endpoints are still focused on general parameters such as plant survival, 
germination, growth rates, and visual assessment (An 2004; OECD 2006). These general 
endpoints may result from more sensitive primary cytotoxic events, involving, e.g., oxidative 
stress, cell cycle blockage, or DNA damage, which can be analyzed in greater precision and 
detail. 
Although Cd is an environmental threat, most mechanisms mediating its toxicity in 
plants are not fully understood (De Michele et al. 2009). Despite being a non-Fenton metal, 
Cd indirectly induced oxidative stress and ROS increment in plants (Azevedo et al. 2005b; 
Rodriguez-Serrano et al. 2006; De Michele et al. 2009; Monteiro et al. 2009b). 
Cd-stressed cells activate mechanisms for ROS scavenging (Agrawal and Mishra 2009; 
DalCorso et al. 2010; Gill and Tuteja 2011). In sensitive cells unable to display efficient 
antioxidant capacity, peroxidation of macromolecules may occur. Lipid peroxidation is the 
most analyzed parameter in metal toxicity assays (Kovácik and Backor 2008; Agrawal and 
Mishra 2009), while Cd-induced protein oxidation has been far less explored (Romero-
Puertas et al. 2002; Aravind et al. 2009). 
A third class of macromolecules, nucleic acids (namely DNA), are also affected by ROS 
(Cooke et al. 2003), though its direct damage in DNA remains fuzzy in plant cells. DNA 
damage is considered an environmental marker of exposure to genotoxic agents (Dhawan et 
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al. 2009). Cd-induced point mutations in lettuce were age-dependent being the most sensitive 
seedling phase (Monteiro et al. 2009a), which also supports the previous findings of 
malformed embryos in Arabidopsis plants exposed to Cd (Ernst et al. 2008). 
DNA damage and related genotoxic events have been assessed by several techniques: 
the occurrence of MN, also named mitotic catastrophe, is considered an effective method for 
cytogenotoxicity evaluation, being used to detect clastogenic and aneugenic effects of 
xenobiotics (Fenech 2006). Some authors, as Achary and Panda (2010), or Dhawan et al. 
(2009), proposed comet assay to assess DNA damage. Few plant species have been used for 
genotoxicity assessment by the comet assay and by MN assays, with Allium spp. (Souza et 
al. 2009), V. faba (Souguir et al. 2010), Tradescantia spp., and N. tabacum (Villarini et al. 
2009) being the most used model species. 
FCM is also a powerful tool as it assesses, in a single run, major mutations 
(aneuploidizations, euploidizations, and clastogenicity); nuclear DNA content; and cell 
cycle progression to infer cytostatic or mitogenic effects (Rayburn and Wetzel 2002; 
Monteiro et al. 2010; Rodriguez et al. 2011). Despite this huge potential, it has been mostly 
applied to animal cytogenotoxic studies (in vivo and in vitro) (e.g., Andersson et al. 2007; 
Oliveira et al. 2009) and rarely in plants (e.g., Monteiro et al. 2010; Rodriguez et al. 2011). 
DNA damage may lead to cell cycle blockage, allowing its repair or preparation of the 
cell to die by apoptosis or necrosis (O’Connell and Cimprich 2005). Otherwise, when cell 
cycle proceeds with damaged DNA, MN may occur (Eriksson et al. 2007). Using in vitro 
synchronized tobacco plant cells, it was demonstrated that Cd differently affected G0/G1-S 
and G2-M transitions (Kuthanova et al. 2008). Few studies explored putative Cd
 effects on 
cell cycle blockage in plant cells showing DNA damage. 
The aim of this work is to clarify how moderate (1 µM) to high (10 and 50 µM) Cd 
concentrations induce cyto- and genotoxicity in plants. For that, primary responses of 
oxidative stress (antioxidant enzyme activities, TAA, H2O2 content, and macromolecules 
oxidation) are analyzed. Consequently, cell membrane permeability is analyzed. 
Simultaneously, Cd-induced DNA damage and resulting consequent interferences with cell 
cycle progression and/or mitotic catastrophe were evaluated by the comet assay, FCM, and 
MN assay. The Cd concentrations used can be found in moderately and highly contaminated 
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soils (Wagner 1993), and the comparison of all parameters will also allow us to design a 
functioning model integrating all data. 
Environmental monitoring using species as crops should be of great importance to the 
risk assessment of crop health for consumption by humans or any other consumers. 
Therefore, our study was performed using L. sativa L., a valuable crop and one 
recommended for standard ISO toxicity tests (OECD 2006; Monteiro et al. 2009b). 
 
Materials and methods 
Plant culture and exposure to Cd 
Seeds of L. sativa L. (cv. “Reine de Mai”) were germinated in Cd(NO3)2 solutions: 0 
(control), 1, 10, 50, and 100 µM. Germination rates and IC50 were determined. For other 
assays, only the concentrations up to 50 µM were used. After germination, plants were 
transferred to an aerated Hoagland hydroponic system (often used in greenhouse large-scale 
crop production, e.g., Cropking; Verti-gro). Plants were grown in a greenhouse, with a 
photon flux density of 200 µmolm-2s-1, a photoperiod of 16 h:8 h (light/dark), and a 
temperature of 20 ± 2 oC. After 28 days of exposure to Cd, leaves and roots of lettuce were 
harvested. Prior to estimating antioxidant enzyme activities, TAA, H2O2 content, lipid 
peroxidation and protein oxidation, the roots and leaves of a pool of plants (about 5-15 
individuals per Cd concentration) were immersed in liquid nitrogen and kept at -80 oC until 
analyzed. For the remaining parameters analyzed, the fresh organs were used. 
 
Germination rate, plant growth, mortality, IC50, and LC20 estimation 
Germination rate was determined after exposure of lettuce seeds to Cd during 5 days. 
Mortality was calculated after 28 days of plants growth, and LC20 was determined. Also 
plant length was measured, and the corresponding IC50 was calculated using Sigma Plot 11.0 
software (Systat Software Inc., Germany) with the four-parameter logistic function standard 
curve analysis for dose response.  
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Cadmium accumulation 
Accumulation of elemental Cd was determined in plant leaves and roots. Plant roots 
were washed in a 0.5 mM CaSO4 solution to remove Cd ions adsorbed to the tissue surface, 
then washed in water (Monteiro et al. 2010). These organs were dried to constant weight at 
60 oC. Then, dried material was treated according to Evers and Bücking (1976), and Cd 
content was analyzed by ICP-AES (Jobin Ivon JY70 Plus). 
 
Soluble proteins and antioxidant enzyme activities 
Frozen root and leaf samples were homogenized in 0.1 M potassium phosphate buffer 
(pH 7.5) containing 0.5 mM Na2EDTA, 0.2% (v/v) Triton X-100, 2 mM DTT, and 1 mM 
PMSF as modified from Romero-Puertas et al. (2002) and with 1% (w/v) PVP (Ali et al. 
2005). Homogenates were centrifuged twice in a refrigerated centrifuge at 8000g for 15 min. 
Supernatants obtained were used to assay activities of SOD (EC 1.15.1.1), CAT (EC 
1.11.1.6), POX (EC 1.11.1.7), APX (EC 1.11.1.11), and GR (EC 1.6.4.2) and for soluble 
protein quantification. SOD was determined according to the method of Agarwal et al. 
(2005). One unit of SOD activity is the amount of enzyme required to cause a 50% inhibition 
on the rate of reduction of nitroblue tetrazolium. CAT activity was assayed as described by 
Beers and Sizer (1951). POX activity was determined according to Bergmeyer (1983). APX 
was extracted using the above-mentioned potassium phosphate buffer with 10 mM Asc 
(Almeselmani et al. 2006), and the enzyme activity was determined according to Nakano 
and Asada (1981). GR activity was determined according to Sgherri et al. (1994). Protein 
concentration was determined according to Bradford (1976). 
 
Total antioxidant activity 
TAA was determined with Antioxidant Assay Kit from Sigma-Aldrich (USA), catalog 
number CS0790. This assay is based on a colorimetric reaction that can be determined 
spectrophotometrically at 405 nm. The absorbance decrease reflects the increase of 
antioxidant activity (trolox, a water-soluble vitamin E analog, was used as a standard or 
control antioxidant). 
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Prior to analysis, frozen roots and leaves of lettuce were weighted (200 mg) and 
homogenized with proper assay 1x buffer and centrifuged twice at 15000g for 15 min at 4 
oC. 
The assay was prepared on a 96-well plate with 10µL of root and leaf samples, 20µL of 
myoglobin working solution, and 150µL of ABTS substrate working solution. After 
incubation, at RT during 5 min, 100 µL of STOP solution was added, and the absorbance 
was read with Synergy HT Bioteck, software Gen5 1.11. 
 
Quantification of H2O2 
To find out the amount of H2O2 production, the OxiSelectTM Hydrogen 
Peroxide/Peroxidase Assay Kit from Cell Biolabs, catalog number STA-344, was used. In 
the presence of HRP, the nonfluorescent ADHP reacts with H2O2 to produce highly 
fluorescent resorufin which can then be read with an excitation of 530-560 nm and an 
emission of 590 nm. 
Homogenization of root and leaf samples (200 mg) was carried out with the kit’s assay 
1x buffer. Homogenates were centrifuged twice at 15000g for 15 min at 4 oC. The assay was 
performed on a 96-well fluorescent black microplate appropriate for fluorometric analysis, 
and readings were performed with Synergy HT Bioteck, software Gen5 1.11. The procedure 
was performed with 100 µL of root and leaf samples and 50 µL of ADHP/HRP working 
solution added to each well. After incubation at RT, protected from light during 30 min, the 
fluorescence was read. 
 
Lipid peroxidation 
MDA content was determined according to the modified protocol of Dhindsa and 
Matowe (1981): 0.5 g of frozen tissue was homogenized in 5 mL of 0.1% TCA. The 
homogenates were centrifuged for 5 min at 10000g and 4 oC. To 1 mL of supernatant was 
added 4 mL of 20% TCA containing 0.5% TBA. The mixture was heated at 95 oC for 30 
min and then cooled on ice. After centrifugation at 10000g (4 oC), the absorbance of the 
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supernatant was read at 532 nm, and the nonspecific absorbance at 600 nm was subtracted. 
The MDA concentration was calculated using the ε = 155 mM-1cm-1. 
 
Protein oxidation 
Proteins were extracted using the extraction phosphate buffer used for enzymes but also 
containing 1% (w/v) sulphate streptomycin to eliminate the interference of DNA carbonyls 
(Romero-Puertas et al. 2002). Protein oxidation was measured according to Hawkins et al. 
(2009). Protein carbonyls first reacted with 10 mM DNPH in 2.5 M HCl for 5 min. A blank 
without DNPH was used to quantify protein content of the sample. To all tubes 50% TCA 
was added and incubated at -20 oC, for at least 15 min. After centrifugation at 9000g and 4 
oC for 15 min, pellets were washed with ice cold (1:1, v/v) ethanol/ethyl acetate. Pellets were 
centrifuged for 2 min at 9000g and then resuspended in 6 M guanidine-HCl. The absorbance 
was determined at 370 nm for DNPH tubes, and at 280 nm for tubes without DNPH. 
Standards of BSA were prepared and read at 280 nm. 
 
Cell membrane permeability 
Cell membrane permeability is a parameter of cell viability and was measured by 
electrolyte leakage assessment according to Lutts et al (1996). The leaves and roots were 
washed and immersed in deionized water. Then they were incubated overnight (25 oC, 85 
rpm). Electrolyte leakage was determined by measuring conductance (µS) (Consort C830) 
before (L0) and after (Lt) autoclaving (10 min, 121 
oC) and by calculating the ratio L0/Lt. 
 
Comet assay 
The comet assay was performed as described by Gichner et al. (2004) with slight 
modifications. Leaves and roots were sliced in cold 0.4 M Tris buffer (pH 7.5), and the 
isolated nucleoids were collected in the buffer. A mixture of 50 µL of the nucleoid 
suspension and 50 µL of 1% LMPA was spread on each slide with the 1% NMPA layer. The 
slides were immersed in an alkaline buffer (0.30 M NaOH and 1 mM EDTA, pH>13) for 
DNA unwinding (15 min) and electrophoresis at 0.74 V/cm and 300 mA for 30 min at 4 oC. 
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Slides were then neutralized with 0.4 M Tris buffer (pH 7.5) and washed with water. 
Nucleoids were stained with ethidium bromide and examined using a fluorescence 
microscope (Nikon Eclipse 80i) equipped with an excitation filter of 510-560 nm and a 
barrier filter of 590 nm. Images were captured with NIS-Elements F 3.00, SP7 software. The 
parameters % tail DNA and tail moment were calculated using image analysis software 
(CASP v1.2.2). 
 
Micronuclei 
Meristematic tissues (from roots and leaves) were collected from plants and stained with 
PI. Slide preparations were observed under 400x magnification using a fluorescence 
microscope (Nikon Eclipse 80i) with an excitation filter of 510-560 nm and a barrier filter 
of 590 nm. To calculate the frequency of MN, 1000 cells were scored from three plants, per 
Cd concentration. The criteria of Fenech (2007) for identifying MN were followed. 
 
Flow cytometric analysis 
Changes in cell cycle progression were evaluated in both roots and leaves by FCM, 
according to Rodriguez et al. (2011). Briefly, nucleus suspensions were obtained by fine 
chopping in WPB, containing 0.2 M Tris-HCl, 4 mM MgCl2, 2 mM EDTA, 86 mM NaCl, 
10 mM sodium metabisulfite, 1% PVP-10, 1% (v/v) Triton X-100, pH 7.5(Loureiro et al. 
2007), and then filtered through a 55 µm nylon filter. To the nucleus suspensions, 50 µg/mL 
PI and 50 µg/mL RNase were added. About 2000-4000 nuclei (one replicate consisted of 
one individual in plant groups from the control, 1 µM and 10 µM Cd, and two individuals 
from plants exposed to 50 µM Cd) were analyzed per sample in a flow cytometer (EPICS-
XL Coulter Electronics, USA) equipped with an argon laser (15 mW, 488 nm). The G0/G1 
fluorescence peak of sample nuclei was adjusted to channel 200. The results were acquired 
using the SYSTEM II software (v. 3.0, Beckman Coulter®). 
The nucleus populations in the phases G0/G1, S, and G2 and changes in cell cycle 
progression were analyzed to assess Cd mitogenic/cytostatic effect. Changes in cell cycle 
dynamics were also expressed by the PRI [formerly named “proliferation index” by Sun et 
al. (2007)], which gives the percentage of cells that, in each population, were able to 
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overcome the R checkpoint (between G0/G1 and S phases). The equation to obtain the PRI 
is: PRI = (% S + % G2)/(% G0/G1+ % S + % G2). 
 
Statistical analysis 
Data were analyzed by one-way ANOVA (p < 0.05), followed by a Holm-Sidak test (p 
< 0.05) to evaluate the significance of differences in the parameters. When necessary, data 
were transformed to achieve normality and equality of variances. When these criteria were 
not verified, the non parametric test, Kruskal–Wallis one-way ANOVA by ranks, was done. 
All statistical analyses were performed using Sigma Plot 11.0 software (Systat Software Inc., 
Germany). The number of replicates and independent assays used for each parameter is 
provided in the corresponding figure or table.  
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Results 
Germination rate, plant growth, mortality, IC50, and LC20 estimation 
After seed germination (5 days) in Cd solutions, the germination rate (Figure 13A) was 
calculated. A significant reduction in germination rate for all Cd concentrations (one-way 
ANOVA, F4 = 150.668, p < 0.001; Holm-Sidak method, p < 0.05) was observed. After 28 
days of exposure, general visible toxicity symptoms (Figure 14), like leaf chlorosis, were 
observed in all groups of exposed plants. Necrotic lesions were visible in older leaves at 10, 
50, and 100 µM of Cd, being higher in the last two concentrations. Roots of treated plants 
(mostly for concentrations above 10 µM) were darker and shorter than those of control plants 
and had fewer lateral roots. Plant mortality was about 2.3% and 20% in plants exposed to 50 
and 100 µM Cd, respectively. Growth inhibition from 10 µM to 100 µM (Figure 13B) (one-
way ANOVA, F4 = 88.614, p < 0.001; Holm-Sidak method, p < 0.05) was also observed. 
Therefore, the highest dose tested (100 µM) corresponds to the LC20 in this species. From 
the dose-response curve (Figure 13B) of lettuce length with Cd concentration, the IC50, 
20.667 ± 10.158 µM (p > 0.05), was estimated. 
 
Cd accumulation 
Cd accumulation in lettuce leaves and roots is presented in Figure 13C. In control plants, 
no detectable Cd content was found. Cd accumulation increased with Cd exposure in both 
organs (leaves, one-way ANOVA, F3 = 571.856, p < 0.001; Holm-Sidak method, p < 0.05; 
roots, one-way ANOVA, F3 = 859.837, p < 0.001; Holm-Sidak method, p < 0.05). Cd content 
in roots was approximately 2.5, 2.6, and 1.8 times greater than the Cd content in leaves of 
plants exposed to 1, 10, and 50 µM Cd, respectively. 
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Figure 13. (A) Germination rate of lettuce seeds exposed to Cd during 5 days (three independent experiments, 
each one with up to 400 seeds). (B) Dose-response curve of plant length function of Cd concentration (n = 4). 
(C) Cd accumulation in roots and leaves of control and exposed lettuce (n = 3-5). Results are expressed as the 
mean ± SD. Different letters (for leaves) or number of asterisks (for roots) indicates significant differences 
between treatments at p < 0.05. 
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Figure 14. Lettuce plants after 28 days of Cd treatment. From left to right: control, 1, 10, and 50 μM Cd. 
 
Antioxidant enzyme activities 
The antioxidant enzyme system in roots and leaves was differently affected by Cd 
(Figure 15). In leaves, Cd generally increased SOD activity (one-way ANOVA, F3 = 21.994, 
p < 0.001; Holm-Sidak method, p < 0.05) (Figure 15A) for concentrations of 10 and 50 µM, 
while CAT activity (Figure 15C) was only affected for the Cd dose of 10 µM (one-way 
ANOVA, F3 = 25.271, p < 0.001; Holm-Sidak method, p < 0.05). Contrarily, POX activity 
(Figure 15E) tended to decrease, with increasing concentration of Cd, mostly at 50 µM (one-
way ANOVA, F3 = 25.818, p < 0.001; Holm-Sidak method, p < 0.05). Similarly, APX 
activity (Figure 15G) showed a general and significant decrease (one-way ANOVA, F3 = 
14.258, p < 0.001; Holm-Sidak method, p < 0.05) in plant leaves exposed to Cd, this effect 
being more evident at lower concentrations (1 and 10 µM). GR activity (Figure 15I) showed 
no significant differences in leaves exposed to Cd (one-way ANOVA, F3 = 1.630, p > 0.05). 
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Figure 15. Effect of Cd accumulation on SOD, CAT, POX, APX, and GR activities in lettuce leaves (A, C, E, 
G, and I, respectively) and roots (B, D, F, H, and J, respectively), after 28 days of exposure. Results are 
expressed as the mean ± SD (n = 5). Different letters indicate significant differences between treatments at p < 
0.05.  
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Compared to leaves, root antioxidant enzymes presented different responses to Cd: SOD 
(Figure 15B) also showed an increasing trend (one-way ANOVA, F3 = 3.006, p >0.05), 
although CAT activity (Figure 15D) showed no significant differences (one-way ANOVA, 
F3 = 1.783, p > 0.05). POX activity (Figure 15F) increased exponentially with increasing Cd 
concentrations (one-way ANOVA, F3 = 175.514, p < 0.001; Holm-Sidak method, p < 0.05). 
Compared with the control, roots exposed to all Cd doses showed a significant increase in 
APX activity (one-way ANOVA, F3 = 32.386, p < 0.001; Holm-Sidak method, p < 0.05) 
(Figure 15H). Within Cd-exposed roots, GR activity (Figure 15J) was not significantly 
affected compared to the control, though the GR response has been significantly different 
among the concentrations 1, 10, and 50 µM Cd dose (one-way ANOVA, F3 = 9.404, p < 
0.002; Holm-Sidak method, p < 0.05). 
 
Total antioxidant activity and H2O2 content 
The TAA (Table 1) significantly decreased at 10 and 50 µM Cd in leaves compared to 
the control (one-way ANOVA, F3 = 62.107, p < 0.001; Holm-Sidak method, p < 0.05). The 
decrease was 168.86 ± 0.24% and 122.58 ± 0.34% in 10 and 50 µM, respectively. In roots, 
a significant increase of TAA was observed for the same Cd concentrations: 17.84 ± 0.13% 
and 28.99 ± 0.08% in 10 and 50 µM, respectively (one-way ANOVA, F3 = 13.585, p < 0.001; 
Holm-Sidak method, p < 0.05). 
 
Table 1. Changes in the total antioxidant activity (TAA) in leaves and roots of lettuce exposed to 
Cda 
Total Antioxidant Activity (TAA) 
Cd concentration (µM) 
1 10 50 
Leaves 
Decrease of TAA (% of control) 2.03 ± 0.25 168.86 ± 0.24* 122.58 ± 0.34* 
Roots 
Increase of TAA (% of control) 1.73 ± 0.06 17.84 ± 0.13* 28.99 ± 0.08* 
 
aResults are expressed as mean ± SD (n=5-6). Asterisks indicate significant differences between Cd treatments 
vs control at p < 0.05. 
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The content of H2O2 (Figure 16) was significantly enhanced at 10 and 50 µM Cd in 
leaves compared to the control (one-way ANOVA, F3 = 152.199, p < 0.001; Holm-Sidak 
method, p < 0.05). In roots a significant increase of H2O2 was observed (one-way ANOVA, 
F3 = 6,061, p = 0.006; Holm-Sidak method, p < 0.05) only at the highest Cd concentration. 
 
Figure 16. Cd effect on H2O2 production in lettuce leaves and roots (n = 3-6). Results are expressed as the 
mean ± SD. Asterisks indicate significant differences between treatments at p < 0.05. 
 
Lipid and protein oxidation, and cell membrane permeability 
Lipid peroxidation was measured in terms of MDA content. In leaves and roots, MDA 
generally increased, being significant for 10 µM in both organs and for 50 µM in roots (Table 
2) (leaves, one-way ANOVA, F3 = 11.963, p < 0.001; Holm-Sidak method, p < 0.05; roots, 
Kruskal-Wallis one-way ANOVA, H = 10.941, df = 3, p = 0.012; Tukey test, p < 0.05). 
However, in leaves exposed to 50 µM a significant decrease in MDA was found. 
Protein carbonyls displayed a significant increase in their content in plants exposed to 
the highest Cd doses (10 and 50 µM Cd). This effect was observed in both leaves and roots, 
as can be seen in Table 2 (leaves, one-way ANOVA, F3 = 172.799, p < 0.001; Holm-Sidak 
method, p < 0.05; roots, one-way ANOVA, F3 = 20.980, p < 0.001; Holm-Sidak method, p 
< 0.05). 
Cell membrane permeability was determined through measurement of electrolyte 
leakage and increased with Cd exposure in lettuce roots (Table 2). This increase was 
significant from the dose of 10 µM Cd (one-way ANOVA, F3 = 20.969, p < 0.001; Holm-
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Sidak method, p < 0.05), while in leaves there was a trend for an increase in electrolyte 
leakage in plants treated with 50 µM but not statistically significant (Kruskal-Wallis one-
way ANOVA, H = 7.897, df = 3, p = 0.048; Tukey test, p > 0.05). 
 
Table 2. Effect of Cd exposure on MDA content, carbonyl concentration and electrolyte leakage in 
leaves and rootsa 
  
Cd concentration (µM) 
          0            1          10         50 
Leaves 
MDA content 
(nmol g-1 FW) 
 
15.96 ± 2.75 a 18.07 ± 1.25 ab 24.18 ± 6.67 b 8.64 ± 1.18 c 
Carbonyl concentration 
(nmol mg protein-1) 
 
2.96 ± 0.40 a 3.10 ± 0.29 a 4.89 ± 0.73 b 5.59 ± 0.75 c 
Electrolyte leakage (%) 13.74 ± 1.16 a 15.24 ± 7.01 a 13.92 ± 2.55 a 44.82 ± 29.75 a 
Roots 
MDA content 
(nmol g-1 FW) 
 
9.92 ± 0.07 a 10.66 ± 0.78 a 13.21 ± 2.68 b 13.34 ± 1.96 b 
Carbonyl concentration 
(nmol mg protein-1) 
 
7.19 ± 1.19 a 7.23 ± 1.60 a 12.49 ± 1.05 b 13.15 ± 2.47 b 
Electrolyte leakage (%) 17.08 ± 5.36 a 19.91 ± 7.14 a 29.97 ± 2.46 b 42.29 ± 3.71 b 
 
aResults are expressed as mean ± SD (n=4-5). Different letters indicate significant differences between 
treatments at p < 0.05. 
 
Comet assay and micronuclei 
The data show a general increase in DNA damage in leaves and roots and of plants 
exposed to Cd. The % tail DNA, tail length, and tail moment, assessed by the comet assay, 
were used to evaluate DNA damage in roots and leaves exposed to Cd (Table 3). 
In leaves, only for 1 µM Cd, DNA damage was found, produced by a significant 
increase of % tail DNA, tail length, and tail moment when compared to control (% tail DNA, 
one-way ANOVA, F2 = 25.508, p = 0.002; Holm-Sidak method, p < 0.05; tail length, one-
way ANOVA, F2 = 16.322, p = 0.006; Holm-Sidak method, p < 0.05; tail moment, one-way 
ANOVA, F2 = 11.641, p = 0.013; Holm-Sidak method, p < 0.05). In roots, however, DNA 
damage was detected at the Cd doses of 1 and 10 µM, as the % tail DNA was significantly 
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higher at these Cd concentrations compared to control (% tail DNA, one-way ANOVA, F2 
= 42.830, p < 0.001; Holm-Sidak method, p < 0.05; tail moment, one-way ANOVA, F2 = 
6.381, p = 0.033; Holm-Sidak method, p < 0.05). Also, at 50 µM nucleoids from both organs 
were consistently too degraded to be considered admissible for measurement (data not 
shown). 
 
Table 3. Cd-Induced DNA damage by comet assay in leaves and roots after Cd exposurea 
  Cd concentration (µM) 
            0            1           10           50 
Leaves 
% Tail DNA 9.11 ± 1.32 a 37.32 ± 7.69 b 11.42 ± 3.97 a n.d. 
Tail length 79.67 ± 18.82 a 243.00 ± 48.78 b 104.50 ± 37.48 a n.d. 
Tail moment 7.36 ± 2.63 a 97.89 ± 38.82 b 13.69 ± 10.08 a n.d. 
Roots 
% Tail DNA 23.15 ± 4.02 a 54.00 ± 4.87 b 31.53 ± 1.84 c n.d. 
Tail length 208.83 ± 33.21 a 268.83 ± 77.20 a 243.00 ± 26.87 a n.d. 
Tail moment 47.98 ± 18.46 ab 148.09 ± 49.84 a 76.97 ± 5.37 b n.d. 
 
aResults are expressed as the median ± SD ((no slides) = 3). Different letters indicate significant differences 
between treatments at p < 0.05. n.d. (not detected) means that no comet was observed during microscope slide 
observation. 
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Figure 17 shows examples of comets found in roots of lettuce exposed to 0 (Figure 
17A), 1 (Figure 17B), and 10 µM Cd (Figure 17C). In both leaves and roots, the maximum 
values of % tail DNA, tail length and tail moment were observed for 1 µM Cd. 
 
Figure 17. (A, B, and C) Comets from root cells of lettuce exposed to Cd for 28 days, observed under 
fluorescence microscopy (400×): A, 0μM; B, 1μM; C, 10μM; D, example of the observation of nuclei from 
root tips exposed to 50 μM Cd. White arrows indicate MN. 
 
Cd induced MN (e.g., Figure 17D) formation in L. sativa, mostly in roots, as shown in 
Table 4. No MN were observed in leaves of control plants or those exposed to lower Cd 
concentrations (1 and 10 µM). In leaves of plants exposed to 50 µM Cd, there was a 
frequency of 2 MN per 1000 nuclei. No MN was found for control and 1 µM-exposed roots. 
At higher concentrations, MN appeared more frequently up to 82 MN per 1000 nuclei at 10 
µM Cd, and 31 MN per 1000 nuclei at 50 µM (Table 4), but in this last concentration, the 
frequency of destroyed nuclei was higher than 50% (data not shown). 
Table 4. Micronuclei (MN) frequency in leaves and roots of lettuce exposed to Cda 
MN (‰) 
Cd concentration (µM) 
0 1 10 50 
Leaves 0 0 0 2 
Roots 0 0 82 31b 
aMore than 50% of visualized cells/nuclei were highly degraded after the treatment. bValue represents ‰ for 
measurable nuclei. 
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Flow cytometric analysis 
Nuclei from leaves and roots showed no statistical variation (p > 0.05) in both FS, a 
rough indicator of size (leaves, Kruskal-Wallis one-way ANOVA, H = 5.166, df = 3, p > 
0.05; roots, one-way ANOVA, F3 = 1.644, p > 0.05), and SS indicative of nuclei 
complexity/granularity (leaves, one-way ANOVA, F3 = 1.013, p > 0.05; roots, one-way 
ANOVA, F3 = 1.697, p > 0.05), independently of the Cd concentration tested (data not 
shown). 
Control roots and leaves showed typical fluorescence histogram profiles with a main 
peak corresponding to nuclei 2x DNA at G0/G1 being the predominant nuclei population and 
a smaller peak with the double of FL corresponding to nuclei with 4x DNA (G2) (see Figure 
18A, B). 
 
Figure 18. (A, B) Examples of histograms of relative FL for leaves (A) and roots (B) of control plants by the 
end of the experiment. The values are given as the mean position of the peak (mean FL), the percentage of 
nuclei (% events), and the HPCV of the G0/G1, S and G2 peaks. 
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The HPCV of G0/G1, which is indicated as a measurement of quality of flow cytometric 
analysis for control samples, ranged from 3.85 ± 0.55 and 3.30 ± 0.30, in leaves and roots, 
respectively (Table 5). Despite the fact that no significant differences were found in the 
G0/G1 HPCV of leaves (one-way ANOVA, F3 = 1.582, p > 0.05), in roots, the HPCV value 
at 10 µM Cd was higher than that in the control (one-way ANOVA, F3 = 7.687, p = 0.001; 
Holm-Sidak method, p < 0.05). 
 
Table 5. Half-Peak Coefficient of Variation (HPCV) of G0/G1 phase, cell cycle dynamics, and Post-
R Index (PRI) in leaves and rootsa 
Cd concentration 
(µM) 
HPCV       % G0/G1       % S         % G2       PRI 
Leaves 
0 3.85 ± 0.55 91.92 ± 0.67 4.70 ± 1.62 3.37 ± 1.03 0.08 ± 0.01 
1 3.89 ± 0.58 90.80 ± 1.58 5.08 ± 2.24 4.12 ± 1.61 0.09 ± 0.02 
10 3.63 ± 0.26 93.7 ± 1.95 3.73 ± 2.20 2.55 ± 0.49 0.06 ± 0.02 
50 3.32 ± 0.54 93.20 ± 1.09 3.90 ± 3.10 2.88 ± 0.92 0.07 ± 0.03 
Roots 
0 3.30 ± 0.30 92.65 ± 2.85 6.00 ± 2.26 1.37 ± 0.70 0.07 ± 0.03 
1 3.41 ± 0.27 91.55 ± 2.87 6.03 ± 3.12 2.42 ± 0.38 0.08 ± 0.03 
10 4.32 ± 0.67* 91.92 ± 2.52 6.65 ± 2.74 1.42 ± 1.07 0.08 ± 0.03 
50 3.52 ± 0.17 89.30 ± 1.11 9.47 ± 1.38 1.22 ± 1.01 0.11 ± 0.03 
aResults are expressed as the mean ± SD (n = 6). Asterisks indicate significant differences between treatments 
at p < 0.05. 
 
Cell cycle transitions in leaves were only slightly affected by Cd. On the contrary Cd 
had cytostatic effects in root cells. Most evident effects were the blockage at G2 phase in the 
lowest Cd concentration (1 µM), observed by an increase of cell percentage in G2 phase; and 
delay of cell cycle at S phase in root cells at higher Cd concentrations observed by an 
increase of cell population in S phase. These blockages/delays contributed to the tendency 
of PRI increase along Cd concentration, in roots (Table 5). 
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Discussion 
“Reine de Mai” is considered a Cd accumulator lettuce cultivar (Monteiro et al. 2009b), 
and its germination rate was decreased, supporting the fact that plantlet growing stage is 
most sensitive to Cd (Monteiro et al. 2010). As Cd led to growth inhibition after 28 days of 
exposure, IC50 was 20.667 ± 10.158 µM, although the wide range is due to the variability 
between plant individuals of lower Cd concentrations (1 and 10 µM). Plant death occurred 
at higher concentrations (50 and 100 µM), the estimated LD20 being approximately 100 µM. 
Moreover, this work demonstrates that some cyto- and genotoxic endpoints assessed here 
are sensitive to even lower doses (1 and 10 µM) and they are also organ dependent. 
Cd2+ enters the cell probably by Fe2+, Ca2+, Cu2+ and Zn2+ transporters/channels 
(Clemens 2006), but in our experiments, Cd decreased Fe2+ accumulation in leaves 
(Monteiro et al. 2009b), which demonstrates that plants are under deficiency of this nutrient, 
and putative competition occurs between Cd and iron ions. Roots accumulated 2.5, 2.6 and 
1.8 times more Cd than leaves in plants exposed to 1, 10, and 50 µM Cd, respectively. Even 
so, leaves accumulated significant levels of Cd per total plant matter, supporting the fact that 
lettuce may be considered a Cd-accumulator species as proposed by Monteiro et al. (2009b). 
The capacity of a species to accumulate a metal in its shoot is a general requisite for its use 
in phytoremediation strategies of contaminated sites. In a previous study, our group has 
shown that for the same experimental conditions and Cd concentration of 100 µM, lettuce 
plants accumulated less Cd per gram of DW than T. caerulescens but accumulated much 
more total Cd per plant due to its higher biomass (Monteiro et al. 2010). Therefore, for the 
same period of exposure and conditions, lettuce has the ability to remove higher amounts of 
this metal from contaminated soils than Thlaspi sp. The strategy of preferably using plants 
with large biomass instead of hyperaccumulators with very low biomass should deserve 
serious attention in phytoremediation studies at least while hyperaccumulators are not 
improved for higher biomass production. 
Although not a Fenton-metal, Cd contributes to ROS increment, leading to oxidative 
stress that needs to be controlled, otherwise the cell enters into senescence and ultimately 
dies (Schröder et al. 2009). Within ROS, H2O2 acts as a second messenger to regulate the 
gene expression of some antioxidant enzymes in plant cells (Chen et al. 2010). The 
extremely high content of H2O2 in leaves exposed to 50 M Cd may justify the decrease of 
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some of the antioxidant enzyme activities observed. In a previous screen of selectable 
biomarkers for Cd phytotoxicity our group has shown that high Cd concentrations (100 µM) 
affected some antioxidant enzymes and increased lipid peroxidation (Monteiro et al. 2009b). 
Therefore, these and other authors’ data supported the antioxidant battery as potential 
reliable endpoint in surveying Cd phytotoxicity (Azevedo et al. 2005b; Monteiro et al. 
2009b). However, there is heterogeneity in the responses of antioxidant enzymes to high and 
low concentrations of Cd (e.g., Azevedo et al. 2005b; Jin et al. 2008; Kovácik and Backor 
2008; Qiu et al. 2008; Chen et al. 2010; Liu et al. 2011), and still no universal model was 
designed covering this Cd-oxidative stress relationship. 
In this experiment, significant variations occurring in the antioxidant pathways used by 
leaves and roots are also shown: in general, the H2O2 generated by SOD is converted by 
CAT in leaves, the organ that accumulates less amounts of Cd. On the contrary, roots (where 
Cd is mostly accumulated) preferably use peroxidases pathways (POX and APX). Similarly, 
peroxidase was found to be the most important pathway for relief of oxidative stress in Cd 
stressed plants of Matricaria chamomilla (Kovácik and Backor 2008). In tobacco, it was 
found that roots present a larger number of peroxidase isoenzymes than leaves supporting 
different roles of these isoenzymes in plant organs (Lagrimini and Rothstein 1987). 
Moreover, according to Halušková et al. (2010), Cd differently activated the isoenzymes of 
peroxidase in barley roots. These authors hypothesized that the increases observed in 
peroxidase activities are associated with enhanced H2O2 production and lignification as a 
defense response. Similarly, we propose that the increase of POX and APX activities in Cd-
stressed roots have both the roles of detoxification and contribution to increase cell wall 
lignification to prevent uncontrolled flux of Cd. Inhibition of CAT by an excessive H2O2 
production consequent to Cd exposure may be a feasible explanation for no CAT activity 
alterations with Cd exposure in roots and a lower CAT activity in the highest Cd 
concentration in leaves (Aebi 1984). 
In both roots and leaves, GR was not stimulated. In turn GSH, a major cell antioxidant 
molecule, is not regenerated, and an imbalance of the ratio GSH/GSSG occurs. The depletion 
of this antioxidant contributes to a decrease of TAA of cells to fight ROS. DalCorso et al. 
(2010) highlighted the fact that one mechanism that is thought to be involved in Cd sensing 
is the GSH/GSSG ratio and that glutathione may be involved in the differential expression 
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of SOD or GR. Currently, there are some contradictory results in what concerns GR activity 
in response to Cd (e.g., Sedum alfredii (Jin et al. 2008), alfalfa (Sobrino-Plata et al. 2009), 
Solanum nigrum (Deng et al. 2010), or Tagetes patula (Liu et al. 2011), which may be further 
explored. 
This work demonstrates that roots and leaves have different antioxidant pathways to 
control excessive ROS. However, independently of the antioxidant pathway in the plant 
organ, it is important that the cells have an efficient TAA to balance the increase of ROS 
levels. The TAA decreased in 10 and 50 µM Cd exposed leaves, which is tuned with the 
increase of H2O2 levels and the consequent oxidative damages in proteins and lipids (H2O2 
is hardly reactive with lipids and Cys) (Møller et al. 2007). Considering the high damages 
found in biomolecules, it should not be excluded that other ROS (besides H2O2) that also 
react with lipids and DNA (e.g., •OH) may have also increased (Møller et al. 2007). 
On the contrary, in roots the TAA increased at 10 and 50 µM Cd. This suggests that 
despite being in direct contact with Cd, roots have a more efficient antioxidant capacity than 
leaves, which is also shown by the lower rates of biomolecule oxidation found in this organ. 
However, the effort to fight the increase of H2O2 accumulation was not enough to eliminate 
this ROS species and decrease the oxidative damages, mainly for higher Cd concentrations 
(10 and 50 µM). 
The increase of lipid peroxidation and protein oxidation correlated with the increase of 
Cd in roots and leaves, confirming that when Cd concentrations exceed the detoxification 
capacity of the organ, uncontrolled oxidation of macromolecules occurs (Romero-Puertas et 
al. 2002; Monteiro et al. 2009b). Also the products of lipid peroxidation (e.g., MDA) can 
form conjugates with DNA and proteins (Møller et al. 2007) contributing to the high levels 
of damage observed in these molecules. 
The loss of membrane integrity, a primary marker of loss of cell viability (Aly-Salama 
and Al-Mutawa 2009),  is in accordance with the observed peroxidation of lipids and proteins 
and is consistent with the increase of cell senescence and death, as a consequence of exposure 
to Cd. However, the apparent decrease of MDA in leaves challenged by 50 µM Cd is 
explained by the abundance of necrotic regions in these leaves. On the contrary, roots 
showed no necrotic zones, but roots became light-brownish and ceased root elongation and 
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lateral root formation. Peroxidases regulate indoleacetic acid by catalyzing its oxidation and 
thus control processes regulated by this hormone such as cell elongation, cell division, and 
lateral root formation (Hiraga 2001). 
The DNA degradation induced by Cd is evident by the comet assay, in both leaves and 
roots exposed to Cd. The shorter values of % tail DNA, tail length, and tail moment found 
in organs exposed to 10 µM can be explained by (a) Cd-DNA adduct formation that lead to 
DNA-DNA/DNA-protein cross-links (Hossain and Huq 2002; Valko et al. 2005); (b) and/or 
formation of longer DNA fragments; (c) and/or due to impairment of DNA repair 
mechanisms (Hartwig 2010), contributing to all the hypotheses regarding low DNA 
migration in electrophoresis. This particular DNA damage was also observed in experiments 
with Cd in V. faba (Koppen and Verschaeve 1996), and Pb in Lupinus luteus (Rucińska et 
al. 2004), and N. tabacum (Gichner et al. 2008). With 50 µM, nucleoids were too sensitive 
and were easily degraded during the comet procedure. Such an occurrence may be related to 
the high level of membranes degradation found in lettuce organs under this Cd concentration 
(observed by increases of membrane permeability and by protein and lipid oxidation). In 
these conditions, DNA may become more vulnerable to Cd exposure, and higher DNA 
damage would occur to such extent that it would not resist the preliminary procedure of 
nucleoids isolation in the comet assay. Similarly, when the DNA of N. tabacum and A. cepa 
was directly exposed to cadmium chloride and other mutagens, the measured DNA damage 
was higher than that when cells were treated with those chemicals (Bandyopadhyay and 
Mukherjee 2011). 
According to Galbraith et al. (2001) and Loureiro et al. (2006), HPCV values of the 
G0/G1 peak from histograms of the cell cycle analysis are acceptable when below 5%, and 
this prerequisite was satisfied in our analyses. 
In roots, Cd exposure led to an accumulation of cells in S and G2 phases, mostly at the 
expense of cells in G0/G1. This trend of accumulation suggests that Cd induces cell cycle 
delay at the S phase and a blockage at G2 checkpoint, slowing cell division. This indicates 
that either Cd leads to an increase of cells that pass the R-checkpoint (erroneously suggesting 
an increase of the “proliferation index” (as defined by Sun et al. (2007)) or the cells are 
delayed at S or blocked at G2 phase, which seems most likely. Our group demonstrated, 
elsewhere, similar cell cycle delays in pea roots exposed to Cr(VI) (Rodriguez et al. 2011). 
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This trend of response may represent a cell strategy to cope with DNA damage, giving the 
cell extra time to repair the damage (O’Connell and Cimprich 2005) or activate an apoptosis-
like program. However, some cells may continue proliferation without completing repair 
(Carballo et al. 2006). The S phase is particularly prone to DNA mutations accumulation 
increasing DNA’s susceptibility to break. As a result of DNA damage and uncontrolled 
progress through G2 checkpoint, entire or fragments of chromosomes may be lost during 
anaphase and resulting daughter cells will show cytogenetic abnormalities as MN. Because 
of Cd binding to sulphydryl groups of Cys (DalCorso et al. 2010), namely, in tubuline, 
microtubule production in G2 phase may also have led to G2 blockage in lettuce roots 
exposed to 1 µM. Then during mitosis, the mitotic spindle may become dysfunctional, 
consequently leading to spindle-related abnormalities as multipolar anaphases, chromosome 
aberrations, and/or mitotic catastrophe (only detected for 10 and 50 µM) (Seth et al. 2008). 
Similar to the work of Ünyayar et al. (2006), where other plant species were exposed to Cd, 
the MN formation in lettuce leaves and roots was increased in a non dose-dependent manner. 
Namely, 10 µM Cd led to a higher frequency of MN than 50 µM in roots, as observed in A. 
sativum and V. faba roots at the same Cd concentration, compared to higher doses. This high 
MN frequency at 10 µM may be related with the significant increment of HPCV of G0/G1, 
which some authors stated as an indicator of chromosome damage (Ünyayar et al. 2006). 
This way, the HPCV was not significantly higher at 50 µM when compared to the control, 
seeming to be less sensitive here than the MN assay to detect chromosome damages. 
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Conclusions 
In conclusion, our data provide an overall perception of Cd cyto- and genotoxic effects 
in lettuce, depending on the organs, leaves and roots (see Figure 19). Here, the different 
antioxidant pathways used by roots and leaves are evidenced, in response to Cd. Overall, the 
H2O2 content increased in both organs, while the TAA decreased in leaves and increased in 
roots with Cd concentrations. Moreover, as consequence of ROS imbalances, in particular 
H2O2, lipids, and proteins were oxidized, membrane permeability increased, and cell 
viability was lost. Also, either directly or indirectly by ROS, Cd exposure also induced DNA 
damage. Data suggest that in roots, lower Cd concentrations led to cell cycle blockage at G2 
phase, allowing some DNA damage to be repaired, while some of the surviving cells exposed 
to 10 µM and mostly 50 µM do not seem to have an active G2 checkpoint (despite of S phase 
delay), thus proceeding to mitosis and leading to micronucleated daughter cells. 
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Figure 19. Overview of cyto- and genotoxic effects of Cd in lettuce leaves and roots. Despite being a non-
Fenton metal, Cd increases ROS and stimulates SOD in both organs. In roots, the preferred pathway to remove 
H2O2 formed by SOD involves POX (not represented in this figure, as it represents all peroxidases in cells) and 
APX activities, while in leaves, the preferred pathway involves CAT. However, uncontrolled increase of ROS 
leads to oxidation of several macromolecules in the cell. First targets are lipids whose peroxidation alters 
structure and functionality; another group of sensitive macromolecules is protein, which can be oxidized (e.g., 
carbonylated), and consequently, its structure and functions may be affected. Both macromolecules are main 
constituents of membranes and their loss of structure reflects loss of integrity leading to increase of membrane 
permeability (a parameter for loss of cell viability). A third macromolecule affected by Cd (at least by the ROS 
induced) is DNA. This damage involves for example, point mutations (Monteiro et al. 2009a) and DNA strand 
breaks. DNA damage is an event that generally, may lead to cell cycle blockage (mostly delaying S phase and 
blocking at G2 checkpoint, in lettuce roots). However, uncontrolled cell cycles may proceed and lead to 
abnormal mitosis leading, e.g., to MN formation. When DNA damage is too extensive, the cell may enter in 
programmed cell death. 
White boxes indicate still unconfirmed data. 
Numbers represent literature references: 1. Waisberg et al. (2003); 2. Gill and Tuteja (2011); 3. Hossain and 
Huq (2002); 4. Valko et al. (2005); 5. Monteiro et al. (2009b); 6. Hartwig (2010); 7. Fenech (2006); 8. Monteiro 
et al. (2010); 9. Seth et al. (2008); 10. Fojtová and Kovaříc (2000); 11. Azevedo et al. (2005c); 12. Møller et 
al. (2007); 13. Monteiro et al. (2009a); 14. Azevedo et al. (2005b); 15. Azevedo et al. (2005a); 16. 
Schützendübel and Polle (2002); 17. Ortega-Villasante et al. (2005). 
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F., and Hernández, L. E. (2009) Differential alterations of antioxidant defenses as 
bioindicators of mercury and cadmium toxicity in alfalfa. Chemosphere. 77 (7), 946−954. 
Souguir, D., Ferjani, E., Ledoigt, G., and Goupil, P. (2010) Sequential effects of cadmium 
on genotoxicity and lipoperoxidation in Vicia faba roots. Ecotoxicol. 20 (2), 329−336. 
Souza, T. S., Hencklein, F. A., Angelis, D. F., Gonçalves, R. A., and Fontanetti, C. S. (2009) 
The Allium cepa bioassay to evaluate landfarming soil, before and after the addition of rice 
hulls to accelerate organic pollutants biodegradation. Ecotoxicol. Environ. Saf. 72 (5), 
1363−1368. 
Sun, J. Y., Yang, Y. S., Zhong, J., and Greenspan, D. C. (2007) The effect of the ionic 
products of Bioglass® dissolution on human osteoblasts growth cycle in vitro. J. Tissue Eng. 
Regener. Med. 1 (4), 281−286. 
93 
 
Ünyayar, S., Çelik, A., Çekiç, F. O., and Gözel, A. (2006) Cadmium-induced genotoxicity, 
cytotoxicity and lipid peroxidation in Allium sativum and Vicia faba. Mutagenesis. 21 (1), 
77−81. 
Valko, M., Morris, H., and Cronin, M. T. D. (2005) Metals, toxicity oxidative stress. Curr. 
Med. Chem. 12 (10), 1161−1208. 
Villarini, M., Fatigoni, C., Dominici, L., Maestri, S., Ederli, L., Pasqualini, S., Monarca, S., 
and Moretti, M. (2009) Assessing the genotoxicity of urban air pollutants using two in situ 
plant bioassays. Environ. Pollut. 157 (12), 3354−3356. 
Wagner, G. J. (1993) Accumulation of cadmium in crop plants and its consequences to 
human health. Adv. Agron. 51, 173−212. 
Waisberg, M., Joseph, P., Hale, B., and Beyersmann, D. (2003) Molecular and cellular 
mechanisms of cadmium carcinogenesis. Toxicology. 192 (2-3), 95−117. 
 
 
 
 
 
 
94 
 
 
 
 
 
 
 
CHAPTER 3 – CHROMIUM AND CADMIUM CYTO- 
AND GENOTOXICITY IN HUMAN CELLS 
  
95 
 
 
 
 
 
 
 
Chapter 3.1 – Chromium-induced cyto- and genotoxicity 
in human osteoblasts 
 
 
Cristina Monteiro, Helena Oliveira, Conceição Santos 
 
Department of Biology and CESAM, Laboratory of Biotechnology and Cytomics, 
University of Aveiro 
 
The results published in this chapter will be submitted to an international journal, with the 
title: Cr6+-induced genotoxicity and cell cycle arrest at G2 and S phases in human 
osteoblast cell line MG-63 
 
  
96 
 
Abstract 
The main route of Cr6+ exposure is occupational and/or by ingestion of contaminated 
food/water, which justifies why cyto- and genotoxicity of Cr has been mostly evaluated in 
lung and intestinal cells in vitro. However, Cr may also allocate in bone tissues both by 
ingestion routes and/or due to the use of Cr containing prostheses. Chromium alloys are used 
in orthopedic prostheses and, as a result of wear and corrosion, Cr6+ is released from the 
prostheses and may affect bone tissue formation. The aim of this work was to evaluate the 
effects of clinically relevant concentrations of Cr6+ in human osteoblasts, by integrating 
genotoxicity results with possible changes in the cell cycle and cell viability. The human 
osteoblast cell line MG-63 was in vitro exposed to Cr6+ at concentrations ranging from 0.1 
to 5 µM, for 24 and 48 h. The results pointed out a decrease of cell viability in a time- and 
dose-dependent manner. Related to decrease of cell viability, the cell cycle arrest and DNA 
damage were also found in cells exposed to Cr6+. DNA damage induced by Cr6+ in MG-63 
cells may be responsible for cell cycle arrest at G2 or S phases observed by FCM, to allow 
the activation of mechanisms of DNA repair. However, abnormal cell division progression 
was also observed by the presence of chromosome breakage and/or loss, indicated by an 
increased formation of MN and NPBs identified in the CBMN assay. At the end of exposure 
times, 24 and 48 h, cell cycle arrest was evident, but after 29 h post-Cr6+ exposure (i.e. at the 
end of CBMN assay) Cr6+ did not show cytostatic effects and caused a great increase of cell 
death. Hence, these data suggest that throughout time after Cr6+ exposure, cells that had been 
arrested in the cell division with DNA damage may have followed cell death pathways, while 
some surviving ones still revealed DNA damage at chromosome level. In conclusion, Cr6+ 
induced cytotoxic and genotoxic effects in human bone cells in vitro at concentrations found 
in patients. Also, the early onset of genotoxic damage induced by Cr6+ at low concentrations 
immediately after 24 h of cell exposure alert to the relevance of periodic monitoring of 
humans exposed to Cr (e.g., ingestion, prosthesis) for genotoxicity diagnosis before clinical 
symptoms appear. 
 
Keywords 
Cell cycle arrest, DNA damage, hexavalent chromium, human osteoblasts, micronuclei  
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Introduction 
Chromium is a metal present in several oxidation states in the environment and industry. 
They have been extensively used in chrome plating, wood preservation, leather tanning, and 
in the production of chromate, pigments and alloys. The most stable Cr forms are Cr3+ and 
Cr6+, and unlike the metallic Cr and Cr3+, the hexavalent form is considered human 
carcinogen (IARC 1990). Occupational exposure is the main route for long-term Cr6+ 
exposure and is highly related to lung cancer following inhalation of fumes (Keegan et al. 
2008). Cr6+ may also be dispersed through the air, soil and water, leading to accumulation 
in humans by food and/or drinking water (IARC 1990). Moreover, many patients who need 
dental, hip or joint replacement are using orthopedic prostheses (Fu et al. 2008). These can 
be made of MoM materials, often stainless steel or Co-Cr alloys (Gunaratnam and Grant 
2008). As a result of wear and corrosion, metal particles and ions are released from the 
prostheses to the local tissues and are disseminated throughout the body (Gunaratnam and 
Grant 2008; Campbell and Estey 2013). Therein metals develop local inflammatory 
reactions, tissue necrosis, lumps, nerve plasy, osteolysis and periprosthetic fracture resulting 
in aseptic loosening and pain, implant failure and need for revision surgery (Andrews et al. 
2011; Campbell and Estey 2013). In rare cases these metals may be responsible for severe 
systemic symptoms as neurological impairment, cardiomiopathy, hypothyroidism, among 
other symptoms (Campbell and Estey 2013). 
Epidemiological studies have been recording an increase of total Cr and other metals in 
biological samples (blood/serum/urine/synovial fluid) of patients using MoM prostheses. 
The mean blood concentration of Cr found in these patients is 14.7 µg L-1 (i.e. 0.28 µM), 
ranging from 1.24 to 123.2 µg L-1 (i.e. 0.02-2.37 µM) (Sidaginamale et al. 2013). 
Nevertheless, higher levels of Cr like 221 µg L-1 (i.e. 4.25 µM) can be found (Ikeda et al. 
2010). Chromium ions are among the different metal ions released from prostheses surfaces, 
but which Cr species are released remains unclear (e.g., (Keegan et al. 2007; Andrews et al. 
2011; Sidaginamale et al. 2013)). At first, Merritt and Brown (1995) concluded in their study 
that Cr6+ was released and preferentially taken by RBCs (rather than serum) where it is 
rapidly reduced to Cr3+, while Cr3+ has a stronger affinity for serum, explaining the reason 
behind the fact that most of the Cr measured in patients was intracellular and in the state of 
Cr3+. Later, Eiselstein and co-authors (2007) also discussed this issue, explaining that MoM 
prostheses form an oxide/hydroxide (i.e. CrO3/Cr(OH)3) barrier in vivo which after generates 
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metal phosphate (i.e. CrPO4), a Cr
3+ ion found in periprosthetic tissues (Hart et al. 2010). At 
a first glance, only Cr3+ was released, but Eiselstein et al. (2007) took into account in vivo 
thermodynamic conditions, concluding that Cr6+ is potentially generated from the corrosion 
of implants. 
In the extracellular environment part of Cr6+ is reduced to Cr3+ to prevent toxic effects, 
because Cr3+ has lower cell membrane permeability, entering slowly into the cell by 
diffusion or phagocytosis, and is less cytotoxic (Collins et al. 2010; Zhitkovich 2011). On 
the other hand, Cr6+ is rapidly taken up into the cells through sulphate and phosphate ion 
channels and is reduced to Cr5+, Cr4+ and Cr3+ by reducing enzymes (e.g., NADPH 
cytochrome c reductase, GR) and non-enzymatic reductants (Afolaranmi et al. 2008). More 
than 95% of Cr6+ reduction is done by Asc, GSH and Cys, in a descending order. During 
Cr6+ reduction, ROS are generated in Fenton or Haber-Weiss reactions (Raghunathan et al. 
2009). These ROS and intermediate forms of Cr can induce genetic damages, including Cr-
DNA adducts, Cr-DNA crosslinks, Cr-DNA-protein crosslinks, DNA interstrand crosslinks, 
oxidative DNA damage, DNA DSB/SSB, and abasic sites (O’Brien et al. 2003). These 
damages in DNA trigger checkpoint mechanisms in the cell cycle to repair them. Irreparable 
damages are thought to lead to cytogenetic effects like aneuploidy, dicentric chromosomes, 
chromatid breaks and NPBs, and even cell death (O’Brien et al. 2003; Figgitt et al. 2010). 
Cytotoxic effects of Cr6+ on the viability and function of osteoblasts have been observed. 
Particularly, both short (3 days) and chronic exposure (13 days) to Cr6+ decreased 
proliferation of human osteoblasts and osteoclasts in vitro and inhibited osteoblast 
mineralization, therefore interfering with bone formation and absorption (Andrews et al. 
2011). In another study, Cr6+ at concentrations found in patients with MoM prostheses 
inhibited protein, DNA and RNA synthesis and collagenase activity in rat calvarial 
osteoblasts (Ning et al. 2002). Using the same cell line other authors found that Cr6+ changed 
the expression of proteins involved in energy metabolism, stress signaling and proliferation 
(cytoskeletal proteins) (Raghunathan et al. 2010). Although genotoxic effects have been 
detected in several human cell types exposed to Cr6+, such as epithelial cells from lung (A549 
cell line) and colon (Caco-2 cell line) (Thompson et al. 2012), it is pertinent the evaluation 
of such effects in human osteoblasts as they are also targets of Cr6+. 
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The aim of this work was to evaluate the effects of clinically relevant concentrations of 
Cr6+ in human osteoblasts, by integrating genotoxicity results with possible changes in the 
cell cycle and cell viability, and assess the usefulness of these markers as reliable endpoints 
in clinical assessments of Cr-induced toxicity in bone tissues. 
 
Materials and methods 
Cell culture 
Human osteoblast cell line MG-63 was kindly provided by INEB – Instituto Nacional 
de Engenharia Biomédica, University of Porto, Portugal. MG-63 cell line was in vitro 
cultured in MEM-α medium without nucleosides, supplemented with 10% (v/v) FBS, 100 
Units mL-1 penicillin/100 µg mL-1 streptomycin and 2.5 µg mL-1 fungizone (Life 
Technologies, Carlsbad, CA) at 37 °C, 5% CO2, in humidified atmosphere. Cell confluence 
and morphology were daily observed using an inverted phase contrast microscope Nikon 
Eclipse TS100 (Japan). Cells were subcultured when confluence reached 80%, at a 
proportion of 1:9, using 0.25% trypsin/1 mM EDTA (Life Technologies, Carlsbad, CA). For 
metal exposure, cells were left 24 h for adhesion. Then, the medium was replaced by medium 
containing K2Cr2O7 (Sigma-Aldrich, St. Louis, MO) at concentrations ranging from 0.1 to 5 
µM. Culture media without K2Cr2O7 served as control in each experiment. For the 
assessment of cell viability, MG-63 cells were cultured in the referred conditions for 24, and 
48 h. 
 
Cell viability 
Cell viability was performed by the MTT assay according to Twentyman and Luscombe 
(1987) with slight modifications. Briefly, cells were seeded in a 96-well plate at 1x103 
cells/well, and after cell adhesion, they were exposed to Cr6+ as described above. At the end 
of the respective exposure time, 50 µL of MTT (Sigma-Aldrich, St. Louis, MO) solution (1 
mg mL-1 in PBS pH 7.2, Life Technologies, Carlsbad, CA) were added to the medium and 
cells were then incubated for 4 h at 37 ºC, 5% CO2, in darkness. The formed formazan 
crystals were solubilized with DMSO (Sigma-Aldrich, St. Louis, MO) and left on a shaking 
plate for 2 h at RT protected from light. Finally, the absorbance was read at 570 nm using a 
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microplate reader (Synergy™ HT Multi-Mode, BioTeK). Three independent assays were 
performed with four replicates per Cr6+ treatment. 
Both the IC30 and IC50 of Cr
6+ for cell viability of MG-63 cell line under the conditions 
tested were calculated using Sigma Plot 11.0 software (Systat Software Inc., Germany) with 
the four-parameter logistic function standard curve analysis for dose-response. The IC30 has 
been indicated by other authors (Tice et al. 2000) as a threshold concentration of cytotoxic 
effects to further analyze genotoxicity. 
 
Cell cycle analysis 
Cell cycle analysis was performed according to the method as previously described 
(Almeida et al. 2011) with slight modifications. Cells were plated in 6-well plates at 2x105 
cells/well. After Cr6+ treatment cells were trypsinized and centrifuged at 900g for 5 min at 4 
oC. Then, cells were washed with PBS pH 7.2, and resuspended in cold 85% ethanol for 
fixation and stored at -20 ºC. 
At the time of analysis, cells were washed in PBS pH 7.2, and filtered through a 55 µm 
nylon mesh to eliminate large clusters. Then, for each sample 50 µg mL-1 RNase and 50 µg 
mL-1 PI (both from Sigma-Aldrich, St. Louis, MO) were added. Samples were then incubated 
for 20 min in the dark until analysis. The relative light scatter properties, SS and FS, as well 
as the relative FL of PI-stained nuclei were measured with a Coulter EPICS XL flow 
cytometer (Coulter Electronics, Hialeah, Florida, USA). The instrument was equipped with 
an air-cooled argon laser tuned at 15 mW and operating at 488 nm. Acquisitions were made 
using SYSTEM II software (v. 3.0, Beckman Coulter, USA). The amplification was adjusted 
so that the peak corresponding to cells in G0/G1 phase of cell cycle were positioned at channel 
200. Four independent assays were performed, and for each sample, a minimum of 5000 
events was recorded. Results were expressed as percentage of nuclei in G0/G1, S and G2 
phase of the cell cycle. 
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DNA damage 
The comet assay was performed as previously described by Tice et al. (2000) with slight 
modifications. The cells were seeded in 6-well plates at 2x105 cells/well. After Cr6+ exposure 
ending, the cells were harvested, and centrifuged at 300g for 4 min at 4 oC, and washed with 
PBS pH 7.2. At this time, a sample of cells not treated with Cr6+ was exposed to 100 µM 
H2O2 (Sigma-Aldrich, St. Louis, MO) for 4 min at 4 
oC, consisting of a positive control for 
the comet assay. All the samples were centrifuged at 300g for 4 min at 4 oC, and resuspended 
in PBS pH 7.2. A mixture of 50 µL of the cell suspension and 50 µL of 1% LMPA (Carl 
Roth GmbH + Co. KG, Karlsruhe, Germany) previously heated at 37 ºC was spread on each 
slide, previously covered with 1% NMPA (Fermentas, Carlsbad, CA). A coverslip was 
placed over the mixture and the agarose was allowed to solidify at 4 ºC for at least 10 min. 
Coverslips were removed and cells lysis was held for 2 h in a cold solution containing 2.5 
M NaCl (Merck, Germany), 100 mM Na2EDTA (Sigma-Aldrich, St. Louis, MO), 10mM 
Trizma Base (Sigma-Aldrich, St. Louis, MO), 0.2 M NaOH, pH 10 (Panreac, Barcelona, 
Spain), 1% Triton X-100, and 10% DMSO (both last reagents were bought from Sigma-
Aldrich, St. Louis, MO). The slides were immersed in cold alkaline buffer (0.30 M NaOH 
and 1 mM Na2EDTA, pH>13) for DNA unwinding (20 min), and electrophoresis at 0.74 V 
cm-1 and 300 mA for 30 min at 4 oC. After that, slides were neutralized three times (5 min 
each) with 0.4 M Tris buffer pH 7.5 (Sigma-Aldrich, St. Louis, MO), and washed with 
distilled water. Nucleoids were stained with ethidium bromide (Sigma-Aldrich, St. Louis, 
MO) and examined using a fluorescence microscope (Nikon Eclipse 80i, Nikon, Tokyo, 
Japan) equipped with an ethidium bromide-compatible filter (excitation filter: 510-560 nm; 
dichroic mirror: 572; absorption filter: 590 nm). Fluorescence images of nucleoids were 
captured with a Digital Sight camera, software NIS-Elements F 3.00 SP7 (Nikon, Tokyo, 
Japan). The slides were analyzed by visual scoring of 50 comets per duplicate gel (i.e. 100 
per slide). The comets were classified in five classes from 0 (undamaged, with no visible 
tail) to 4 (maximum damage, with most DNA in tail) (see results in Figure 23) and the total 
comet score was calculated and presented on a scale of 0-400 arbitrary units (Collins 2004). 
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CBMN assay 
The CBMN assay was performed according to Fenech (2007) with some modifications. 
Briefly, approximately 1x105 cells/well were seeded on coverslips inside 6-well plates. Cells 
were then treated with Cr6+ for 24 and 48 h, and after the exposure, cytochalasin B 
(Applichem, Darmstadt, Germany) at final concentration of 4 µg mL-1 was added to each 
well and incubated during 29 h. At the end of cytochalasin B treatment, cells were washed 
with cold PBS pH 7.2, and fixed with cold absolute methanol. Coverslips with the adherent 
cells were removed from the 6-well plates and left to dry in the dark until staining. The 
samples were stained with acridine orange (Merck, USA), a fluorochrome for nucleic acids 
that emits green fluorescence and orange fluorescence when binding to DNA and RNA, 
respectively. The cells were observed and analyzed under a fluorescence microscope Nikon 
Eclipse 80i (Nikon, Tokyo, Japan) equipped with an acridine orange-compatible filter 
(excitation filter: 450-490 nm; dichroic mirror: 505; absorption filter: 520 nm). Fluorescence 
images were captured with a Digital Sight camera, software NIS-Elements F 3.00 SP7 
(Nikon, Tokyo, Japan). The samples from three independent biological replicates per Cr6+ 
treatment were scored for NDI, presence of NPBs and MN. The NDI provides a measure of 
viable cells’ proliferative status and also enables the detection of cytostatic effects. It was 
calculated by scoring at least 500 cells for the presence of one, two, three or four nuclei. 
Nuclear division was not affected by the addition of cytochalasin B, but cytokinesis was 
arrested. The NDI formula is the following: NDI = (M1 + 2xM2 + 3xM3 +4xM4)/N, where 
M1 – M4 is the number of cells with 1-4 nuclei, and N is the total number of viable cells 
scored. NPBs and MN were scored in at least 1000 binucleated cells. MMS (Sigma-Aldrich, 
St. Louis, MO) treated cells were used as positive control at a final concentration of 20 µg 
mL-1. 
 
Statistical analysis 
Three or four independent assays were performed for each analysis. All data were 
expressed as mean ± SD and were analyzed by one-way or two-way ANOVA, followed by 
a Holm-Sidak test to evaluate the significance of differences in the parameters. When 
necessary, data were transformed to achieve normality and equality of variances. When 
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justified, Pearson correlation was performed and the respective correlation coefficient was 
presented as r. The level of statistic significance was set at p < 0.05. 
All the statistical analyses were performed with SigmaPlot Version 11.0 for Windows. 
 
Results 
Cell viability 
After Cr6+ exposure the cell viability in terms of mitochondrial activity is represented 
by the dose-response curves shown in Figure 20. It was observed a dose-and time-dependent 
relationship at every time of exposure, where it is evident a significant inhibition of cell 
viability. 
Cr
6+
 concentration (M)
0 0.1 0.5 1 2 3 4 5
V
ia
b
il
it
y
 (
%
 o
f 
co
n
tr
o
l)
0
20
40
60
80
100
120
24 h
48 h
*
*
*
*
*
 
Figure 20. Cr6+ effects on MG-63 cell viability after 24, and 48 h of exposure. Symbol * represents significant 
difference relative to the control (p < 0.001). 
 
After 24 h of Cr6+ exposure cell viability decreased to 80% at the highest dose (5 µM) 
and no cytotoxic effects were detected at lower doses. With 48 h of exposure cell viability 
decreased at a higher extent than with 24 h, specifically in the populations exposed to 
concentrations above 1 µM. The decrease of cell viability after 48 h became very high with 
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the increase of Cr6+ concentrations allowing the quantification of IC30 and IC50 that are 1.9 
and 3.1 µM Cr6+, respectively. Based on the results, and on literature recommendations, the 
concentrations under IC30 were chosen for further assays, i.e. 0.1-5 μM, and 0.1-1 μM Cr6+ 
were used in the assays of 24 and 48 h of exposure, respectively. 
Cell growth and morphology of MG-63 cells after exposure to Cr6+ for 24 and 48h were 
observed by phase-contrast microscopy. Figure 21 shows representative images of control 
cells (Figure 21A, and D) and cells exposed to 2 (Figure 21B, and E), and 5 µM Cr6+ (Figure 
21C, and F) after 24 and 48 h. After both times of exposure, the cell confluence began to 
decrease with 2 µM Cr6+. At 24 h of exposure it was not observed cell death in any group of 
exposed-cells. After 48 h, cell death continuously increased from the Cr6+ concentration of 
3 µM, represented by round, swollen and detached cells, also some cell debris and cells with 
blebs. 
 
 
Figure 21. MG-63 cells observed under an inverted phase-contrast microscope, after Cr6+ exposure for 24 (A-
C), and 48 h (D-F) (100x; bar: 50 µm). (A, D) Control. (B, E) 2 µM Cr6+. (C, F) 5 µM Cr6+. 
 
Cell cycle analysis 
By analyzing the profiles of histograms from control and exposed-cells, some cell cycle 
changes can be pointed out. There were significant effects on the cell cycle in all groups of 
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Cr6+-exposed cells after 24 h of exposure (Figure 22A) and for concentrations above 0.1 µM 
Cr6+ after the 48 h (Figure 22B), with accumulation of cells at G2 phase, as well as decrease 
of the population at G0/G1 phase. Cells also accumulated at S phase when subjected to 5 µM 
Cr6+ for 24 h. 
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Figure 22. Effect of Cr6+ on cell cycle progression of MG-63 cell line. Percentage of cells in the cell cycle 
phases G0/G1, S and G2 after 24 (A) and 48 h (B). Symbol * represents significant difference relative to the 
control (p < 0.05). 
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DNA damage 
After visual scoring analysis of nucleoids (see Figure 23) observed in the comet assay, 
it was detected a time- and dose-dependent increase of DNA damage in cells exposed to Cr6+ 
concentrations above 0.5 µM for 24 h, and all concentrations applied for 48 h (Figure 24). 
 
Figure 23. Images of nucleoids from MG-63 cells visualized under fluorescence microscopy (400x; bar: 10 
µm). The nucleoids are representative of classes 0-4 as used in visual scoring. Comets of classes 0-3 were 
present in cells exposed to Cr6+ and positive control (H2O2). Comets of class 4 were only present in positive 
control cells. 
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Figure 24. DNA damage induced to MG-63 cells after Cr6+ exposure for 24 h and 48 h. Symbol * represents 
significant difference relative to the control (p < 0.001). 
 
According to the comet’s classification, all groups subjected to Cr6+ exposure as well 
as the negative control had nucleoids of class 0 (undamaged DNA) and class 1 (Figure 25). 
At both times of exposure, the increase of DNA damage was mainly due to the increasing 
number of nucleoids of class 1. Moreover, with increasing Cr6+ concentrations other comet 
classes had appeared, indicating higher levels of DNA damage though at a relatively low 
percentage of cells. In particular, at 24 h of exposure nucleoids of class 2 were present in 
cells exposed to 4 (1.5%) and 5 µM (1.8%) Cr6+, and class 3 ones only appeared in cells 
exposed to 5 µM (2.2%) (Figure 25A). The highly measurable level of DNA damage, i.e. 
nucleoids of class 4, was not detected at 24 h of exposure. After 48 h (Figure 25B) comets 
of class 2 began to appear with 0.5 µM and all the following concentrations. Nucleoids of 
class 2 were present in cells exposed to 0.5 and 1 µM for 48 h, with an incidence of 2.0% 
and 1.3%, respectively. Comets of classes 3 and 4 were not detected in cells exposed to 0.1-
1 µM Cr6+ for 48 h. 
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Figure 25. Classes of DNA damage induced to MG-63 cells after Cr6+ exposure for 24 h (A) and 48 h (B). 
 
CBMN assay 
The CBMN assay enabled to score MN, NPBs and evaluate cytostasis by the calculation 
of NDI on MG-63 cells exposed to Cr6+ (Figure 26). 
After the times of Cr6+ exposure cells were submitted to cyto-B for 29 h and, after that, 
it was observed extensive cell death, predominance of mononucleated (M1) cells, very low 
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frequency of binucleated cells (M2) and lack of multinucleated cells (M3 and M4) in groups 
submitted to concentrations above 1 µM (data not shown). In this case, slides were 
unsatisfactory for analysis. This way, CBMN endpoints were scored only in cells exposed 
to up to 1 µM Cr6+. 
Cr6+ induced an increasing number of MN (Figure 26A) from the lowest Cr6+ dose (0.1 
µM) to 1 µM for 24 h of exposure. After 48 h of exposure, the MN frequency increased in 
cells submitted to the Cr6+ dose of 1 µM. 
Regarding the formation of NPBs (Figure 26B), their levels increased in cells exposed 
to 1 µM Cr6+ for 24 h. However when cells were submitted to Cr6+ for 48 h, the frequency 
of NPBs remained the same as compared to the control. Also, Figure 26C shows that NDI 
was not affected by Cr6+. 
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Figure 26. CBMN assay endpoints of MG-63 
cells exposed to Cr6+ after 24 and 48 h. (A) 
Micronuclei (MN). (B) Nucleoplasmic 
bridges (NPBs). C: Nuclear division index 
(NDI). Symbol * represents significant 
differences relative to the control (p ≤ 0.001). 
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Discussion 
Accumulation of Cr in human tissues may have different causes, such as occupational, 
dietary, or Cr release from Cr-containing prostheses. Particularly, in this last case, as Cr6+ is 
thought to be released from MoM prostheses and cause bone injuries, in this work the human 
osteoblast cell line MG-63 was exposed to clinically relevant Cr6+ concentrations (from 0.1 
to 5 µM) for 24 and 48 h to assess cytotoxic and genotoxic effects of Cr6+. The cell viability 
measured in terms of mitochondrial reduction of MTT decreased in a time- and dose-
dependent manner in Cr6+-exposed cells, more clearly from 48 h of exposure. In addition, 
Cr6+ induced cell death when cells were treated for 48 h. Previously, other authors (Fu et al. 
2007, 2008) exposed MG-63 and FFC cell lines to higher Cr6+ concentrations (5-20 µM) and 
observed a decrease of cell viability after 24 h, which however was measured using other 
parameters like morphological and ultrastructural changes such as swollen mitochondria, 
dilatation of RER and presence of large vacuoles in the cytoplasm of exposed cells, and also 
irregular shaped nuclei in FFC cells. Another osteoblast cell line, Saos-2, showed similar 
levels of Cr6+-induced cytotoxicity compared to that observed in MG-63 cells in our study, 
i.e. those cells showed an IC50 of 2.2 µM CrO3 after 72 h of exposure (Andrews et al. 2011), 
a value just slightly higher than that of MG-63. This little difference might be due to different 
reasons: K2Cr2O7 used in the present work is more water-soluble than CrO3, thus it may 
enters more easily into the cells and causing more cytotoxicity (Levis and Majone 1981). On 
the other hand, the influence of the culture medium has to be considered, as in this work 
MG-63 cells were cultured in complete MEM-α medium containing Asc, unlike the medium 
used for Saos-2 (DMEM) in the study of Andrews et al. (2011). In general, culture media is 
severely Asc deficient, so the cellular metabolism and cytotoxic effects may be distorted in 
such conditions (Reynolds and Zhitkovich 2007). Therefore, in the present study it was used 
a cell culture medium containing 250 µM Asc to create similar conditions to those 
physiological and also because Asc is the main and faster Cr6+ reducer (Wong et al. 2013). 
Otherwise, in cell culture medium without Asc the first Cr6+ reducer would be glutathione 
(Wong et al. 2013). The justification for exceeding normal maximum Asc concentrations in 
plasma, 100 µM (Levine et al. 2011), is that Asc is not stable in cell culture medium (Michels 
and Frei 2013). 
Comparing again the differences between the sensitivity of the cell lines MG-63 and 
Saos-2, it can also be due to heterogeneity of cellular responses between cell lines usually 
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observed in toxicity assays. For example, other authors (Angle et al. 1993) showed that the 
osteoblast cell line HOS TE 85 when exposed to Pb showed stronger inhibition of cell 
proliferation than the other cell line ROS 17.28 cell line. However, when exposed to Cd ROS 
17.28 was more sensitive than HOS TE 85. Therefore, considering the heterogeneous data 
available on Cr toxicity in osteoblasts (obtained for different cell lines, exposure conditions, 
etc.), and also taking into account that bone cells are sites of metal accumulation, including 
Cr, it would be interesting to perform a systematic comparative cytotoxic study with a large 
battery of osteoblast cell lines, and/or, eventually, extend this type of study to other metals. 
Besides heterogeneous responses found among cells lines of the same tissue, also 
different sensitivities were demonstrated between cells of different tissues. For example, in 
this study, the viability of MG-63 cell line decreased to around 80% when exposed to the 
highest dose (5 µM) of Cr6+ for 24 h. In another study, for the same time period of exposure, 
it was found that macrophages showed a high decrease of viability and presented an IC50 of 
2.48 µM Cr6+ (Lalaouni et al. 2007). Therefore, apparently MG-63 cells used in the present 
work seem to be more resistant than these macrophages used by Lalaouni et al. (2007), but 
the influence of different conditions must be carefully considered. Raghunathan et al. (2009) 
used similar conditions of culture (only different culture media due to particular growth 
requirements of each cell line)/exposure to compare the responses of monocytes vs 
osteoblasts after exposure to Cr6+ concentrations ranging 0.05-0.5 µM for 4 weeks and 
demonstrated that osteoblasts were more resilient, with higher levels of GSH and GR activity 
and expression. These authors suggested that these increases might be involved in the 
adaptation of cells to chronic exposure by reducing Cr6+ to Cr3+ and by scavenging ROS, 
leading to higher cell viability of osteoblasts (Raghunathan et al. 2009). 
After 24 h of exposure of MG-63 cells to Cr6+ there was a decrease in cell growth 
(confluence) without observable cell death under phase-contrast microscopy. This seems to 
be related to cell cycle arrest detected by FCM, although G2 arrest was detected at lower Cr
6+ 
concentrations that did not yet lead to a visible decrease in cell confluence. Depending on 
the cell line or exposure conditions (Cr6+ concentration/exposure time), Cr6+ can disrupt cell 
cycle progression at different cell cycle phases, and thus there is not a standard response. At 
both times of exposure, 24 and 48 h, Cr6+ led to cell cycle arrest at G2 phase (24 h: ≥ 0.1 µM; 
48 h: ≥ 0.5 µM), and at 24 h the cell cycle also delayed at S phase (5 µM). MG-63 cell line 
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is p53-deficient, which might justify the accumulation of cells at G2 and S phases, instead of 
G0/G1. Also in other p53-mutated cells (U937 cell line), 10 and 20 µM Cr
6+ for 24 h induced 
G2 arrest, as well as nuclear morphologic changes and DNA fragmentation related to 
apoptosis induced via G2 arrest (Hayashi et al. 2004). However, in p53 wild type cell lines 
cells were able to block cell cycle at G2 or S phase after Cr
6+ exposure. For example, A549 
cells arrested at G2 when subjected to 1-25 µM Cr
6+ for 24 h, which was associated with the 
generation of ·OH produced by H2O2 and Cr
6+ reductive intermediates (i.e. Cr5+ and Cr4+) 
(Zhang et al. 2001). Moreover, Cr6+ exposure in human colorectal adenocarcinoma cells 
(DLD1 cell line) was responsible for cell cycle delay at S phase, also resulting from ROS 
production (Sun et al. 2012). It was also shown that Cr6+ reduction and ROS generation 
induced DNA oxidative damage (8-OHdG) and increased γ-H2AX, a sensitive indicator of 
DNA DSB, in Caco-2 cells (Thompson et al. 2012). Therefore, Cr6+-induced DNA damage 
may be responsible for cell cycle delay, as observed in MG-63 cells in the present study 
through the positive correlation between the increasing DNA damage and cell population at 
S phase after 24 h of Cr6+ exposure (r = 0.714; p = 0.0465). A similar integration of data 
involving the evaluation of DNA damage and cell cycle in other cell types showed that Cr6+ 
induced DNA DSB in normal human dermal fibroblasts (Ha et al. 2004) and HeLa cells 
(Wakeman et al. 2004), as well as Cr-DNA, DNA-DNA, and DNA-protein crosslinks in 
normal human lung cells (LL 24 cell cline) (Xu et al. 1996). In those works the authors 
concluded that the observed DNA damage may activate S phase checkpoint, resulting in 
decreased DNA synthesis by inhibition of DNA polymerase, and delay in S phase of the cell 
cycle. 
The DNA damage observed in MG-63 cells under the tested conditions of this work 
was mostly detected as comets of class 1, although the level of DNA damage was rising with 
increasing Cr6+ concentrations and with time of exposure, also explaining the increase of cell 
populations at G2 and S phases. While cells arrest or delay their cell cycle they activate 
mechanisms of DNA repair and enhances apoptosis (Chiu et al. 2010). Direct induction of 
DNA damage by Cr6+, either by forming Cr-DNA adducts or by ROS formation during Cr6+ 
reduction, or induction of DNA damage via DNA repair pathway (Thompson et al. 2012) 
may be followed by chromosome breakage and/or loss. 
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In previous researches using non-osteoblasts, treatments with K2Cr2O7 for 24-30 h 
induced chromosome breaks as well as aneuploidy after a short post-exposure time of 24-30 
h (Güerci et al. 2000; Seoane et al. 2002; Figgitt et al. 2010). Furthermore, after larger post-
exposure times, 2-15 days, evidence of aneuploid cells in human primary foreskin fibroblasts 
(BJ cell line) exposed to K2CrO4 was demonstrated (Figgitt et al. 2010). Using the same cell 
line, Glaviano et al. (2006) showed that an exposure with K2Cr2O7 for 24 h also led to 
clastogenic/aneugenic effects (MN formation) after 24 h post-exposure. Even after 30 days 
post-exposure, MN were still present and NPBs showed up in these cells. The results of the 
CBMN assay in present work with MG-63 cells allowed the detection of putative DNA 
damage (MN and NPBs) and cytostasis (NDI) some time (29 h) after a complete cell cycle 
following Cr6+ exposure. MN and NPBs formation was higher after 24 h than 48 h of Cr6+ 
exposure. Unexpectedly, despite the observed cell cycle arrest detected by FCM, the CBMN 
assay showed no detectable cytostatic effects induced by Cr6+. After 29 h post-Cr6+ exposure 
the level of cell death increased a lot, such a way that in the assay of 24 h of exposure every 
exposed-cell groups contained a population of dead cells and for concentrations above 1 µM 
most cells were mononucleated or dead (data not shown). Hence in the course of time after 
Cr6+ exposure, data support that cells that were arrested with DNA damage may have 
followed cell death pathways, and surviving ones were still revealing DNA damage at 
chromosome level. Corroborating this hypothesis, Pearson correlations showed positive 
correlation between G2 cell population (48 h: r = 0.957, p = 0.0428) and MN formation. 
Moreover, DNA damage (24 h: r = -0.894, p = 0.00272; 48 h: r = -0.955, p = 0.0452), and 
cell cycle arrest at G2 (48 h: r = -0.953, p = 0.0469) or delay at S (24 h: r = -0.926, p = 
0.000953) induced by Cr6+ were also correlated with decrease of cell viability. 
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Conclusions 
In conclusion, the results of the present study show for the first time that Cr6+, at 
concentrations equivalent to those that may be found in humans, induced genotoxicity in 
human bone cells in vitro. DNA damage induced by Cr6+ has led to cell cycle arrest at G2 
and delay at S phase, also contributing to an increase of structural and/or numerical 
chromosome aberrations. This sequence of events contributed to decreasing cell viability. 
Moreover, even before cell viability had decreased, DNA damage and cell cycle alterations 
were already occurring in cells subjected to low concentrations of Cr6+ and after 24 h of 
exposure. These results also alert to the relevance of periodic monitoring of humans at high 
risk of Cr-exposure, for genotoxicity diagnosis. This is particularly relevant for patients with 
implantation of Cr-containing prostheses before clinical symptoms appear. 
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Abstract 
Cadmium is a widespread heavy metal used in numerous industrial processes. Cadmium 
exerts toxicological effects mostly in kidney and liver. Bone is also an important target of 
Cd, however, the cellular mechanisms of Cd toxicological effects in the bone cells are still 
poorly understood. Therefore, the present work aimed to investigate the putative cytotoxic 
and genotoxic effects of Cd to human bone cells. For that, cells of the MG-63 cell line were 
exposed to 20 and 50 µM Cd for 24 and 48h. Results showed a dose-dependent increase in 
Cd accumulation in cells and a decrease in cell viability, especially after 48h. Cell cycle 
analysis showed a delay at S phase concomitant with a decrease in cells at G0/G1 phase. After 
24h, Cd treatment downregulated the expression of CHEK1, CHEK2 and CDK2 genes and 
upregulated the expression of CCNE1 gene. After 48h, the expression of ATM and CCNB1 
genes were downregulated. Also, a 3.3 fold increase on the expression of gene CCNE1 was 
detected. Both Cd doses induced DNA fragmentation at 48h, while an increase in MN and 
NPBs together with an increase in the percentage of apoptotic/necrotic cells was detected 
for both time periods. Overall, our results demonstrate the cytotoxicity and genotoxicity of 
Cd in human bone cells. Also, the CBMN assay parameters (MN, NPBs and the percentage 
of cells under apoptosis or necrosis) together with the cell cycle appear as the most sensitive 
to Cd cyto- and genotoxicity, being early affected even with the lowest Cd dose. Therefore, 
these cyto-/genotoxic techniques may be selected for early detection of Cd-induced toxicity. 
 
Keywords 
Cadmium, cell cycle, cytotoxicity, DNA damage, genotoxicity, micronuclei 
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Introduction 
Cadmium is a widespread metal used in several industrial processes as smelting, battery 
manufacturing, pigment and plastic production and also in alloys, solders and electroplating 
(Waisberg et al. 2003; Faroon et al. 2012). One of the main sources of exposure to Cd is 
tobacco smoking, mostly due to tobacco plant hyperaccumulating characteristics and 
contamination of the soils where tobacco plants grow (Faroon et al. 2012). Moreover, apart 
from being a widespread metal, Cd presents a biological half-life of 20-40 years in humans 
(Robards et al. 1991). Recently, Thévenod and Lee (2013) reported that chronic exposure to 
low Cd2+ doses emerged as a “previously underestimated significant health hazard for ~10 
% of the general population that increases morbidity and mortality”. 
Cadmium absorbed in the body accumulates mainly in the liver and kidney and its 
toxicological effects are observed mostly in lungs, prostate and belly (IARC 1993). Also, 
the bone tissue was reported as an important target of Cd toxicity. Itai-itai disease was the 
most severe case of mass Cd intoxication documented and originated from industrial 
contamination in Jinzu river basin. Among other symptoms, this disease was characterized 
by osteomalacia and osteoporosis due to Cd accumulation in bone (Nordberg 2009). 
Cadmium appears to alter skeletal processes by decreasing the accumulation of bone mass 
during skeletal growth and influencing bone metabolism and maturity causing osteopenia in 
rats (Brzóska and Moniuszko-Jakoniuk 2004). In mice, Cd has been shown to stimulate the 
formation and activity of osteoclasts, the cells responsible of bone resorption (Battacharyya 
et al. 1988). Therefore, Cd can stimulate bone resorption and inhibit bone formation leading 
to bone loss. Moreover, in animals exposed to Cd bone demineralization began shortly after 
the start of Cd exposure and before the beginning of kidney damage (Wang and Battacharyya 
1993; Wilson and Battacharyya 1997), indicating that Cd directly affects bone metabolism. 
Also, Ogoshi et al. (1992) reported that Cd at 100 ng/g DW in bone decreased the strength 
of rat femurs. These studies indicate that Cd may affect bone metabolism directly, however, 
the mechanisms by which Cd disrupts bone function are not fully understood. 
Cadmium is not a nutrient and therefore it is unlikely to have specific dedicated 
transport mechanisms for cellular uptake. Studies of Lévesque et al. (2008) in osteoblast cell 
line MG-63 showed that Cd may enter the cell via Ca and Mg channels to enter cells and 
suggest that the effect of Cd in bone metabolism may be enhanced under low Ca/Mg levels.  
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Recently, Thévenod and Lee (2013) reviewed the cellular signaling cascades elicited by 
Cd and described that after acute Cd exposure, the levels of Ca and ROS increase, acting as 
second messenger systems in the cell. Other cell signaling mechanisms (including upstream 
signaling pathways for apoptosis vs upstream signaling pathways for cell survival) were also 
described (Thévenod and Lee 2013). 
Cadmium does not catalyze Fenton-type reactions, however it is known to induce 
oxidative stress indirectly through interference in antioxidative balance by inhibition of 
antioxidant enzyme activities and depletion of enzymatic/non-enzymatic antioxidants such 
as GSH (Risso-de Faverney et al. 2001; Smith et al. 2009; Cuypers et al. 2010; Nemmiche 
et al. 2011, 2012). For what is known in bone cells, Brzóska et al. (2011) showed that Cd 
disturbs oxidative status of rat bone, contributing to damage of this tissue. It has been also 
hypothesized that Cd might induce oxidative stress damage in osteoblasts through the 
decrease of the expression of RUNX2 mRNA leading to apoptosis (Smith et al. 2009). There 
are also evidences that Cd does not interact directly with DNA (Valverde et al. 2001), 
moreover some authors consider it as “weakly genotoxic” ((Bertin and Averbeck 2006), for 
a review). However, the oxidative stress generated in Cd-exposed cells may originate DNA 
strand breaks, chromosomal aberration, MN occurrence and generation of 8-OHdG in 
several types of mammalian cells (Mikhailova et al. 1997; Filipic and Hei 2004; Nemmiche 
et al. 2012; Pereira et al. 2013). Wang et al. (2013) found that rats exposed to chronic low 
doses of Cd showed persistent damage in kidney with increased cell proliferation and 
decrease in global DNA methylation. Also, Cd exposure increased the occurrence of MN in 
polychromatic erythrocytes in rats (Celik et al. 2005) and in fish models (zebrafish) 
(Cambier et al. 2010). Finally, humans occupationally exposed to Cd showed increased 
levels of chromosomal aberrations and sister chromatid exchanges (Abrahim et al. 2007). 
These authors highlighted the reliability of cytogenetic techniques in the detection of Cd-
induced mutagenicity (Abrahim et al. 2007). Cadmium has also been shown to interfere with 
genomic stability by inhibiting a number of DNA repair enzymes. In fact, Cd inhibits several 
systems such as NER, BER (Hartwig 2013), MMR and NHEJ, the major DSB repair 
pathway (Viau et al. 2008). Also, our previous work proved that Cd exposure induces 
microsatellite instability in mice testis (Oliveira et al. 2012). 
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In this context, the aim of the present study was to: (a) give an updated overview of the 
genotoxic and cytotoxic effects of Cd in human osteoblast cell line MG-63 using several 
biomarkers; (b) select the most sensitive and reliable biomarkers considering the importance 
of using cytogenetic techniques as a sensitive and effective means for detection of Cd-
induced genotoxicity/mutagenicity. 
 
Materials and methods 
Cell culture 
Human osteoblast cell line MG-63 was kindly provided by INEB – Instituto Nacional 
de Engenharia Biomédica, University of Porto, Portugal. MG-63 cell line was cultured in 
vitro cultured in MEM-α without nucleosides, supplemented with 10% (v/v) FBS, 100 Units 
mL-1 penicillin/100 µg mL-1 streptomycin and 2.5 µg mL-1 fungizone, (all medium 
components from Life Technologies, Carlsbad, CA, USA) at 37ºC, 5% CO2, in a humidified 
atmosphere. Cell confluence and morphology were daily observed under an inverted phase 
contrast microscope Nikon Eclipse TS100 (Japan). Cells were subcultured when confluence 
reached 80% using 0.25% trypsin/1 mM EDTA (Life Technologies, Carlsbad, CA, USA). 
For metal exposure, cells were left 24 h for adhesion and after that medium was replaced 
with fresh medium containing CdCl2 (Sigma-Aldrich, St. Louis, MO, USA) at 
concentrations of 20 and 50 µM (selected based on MTT results). Culture medium without 
CdCl2 served as control in each experiment. MG-63 cells were cultured in the referred 
conditions for 24 h and 48 h. 
 
Cell viability 
Cell viability was performed by the MTT assay according to Twentyman and Luscombe 
(1987) with slight modifications. Briefly, cells were seeded in a 96-well plate at 1x103 
cells/well and, after cell adhesion, they were exposed to Cd from 5 to 150 µM. At the end of 
each exposure time, 50 µL of MTT (Sigma-Aldrich, St. Louis, MO) solution (1 mg mL-1 in 
PBS pH 7.2) were added to the medium and cells were incubated for 4 h at 37 ºC, 5% CO2, 
in darkness. The formed formazan crystals were solubilized with DMSO (Sigma-Aldrich, 
St. Louis, MO) and left on a shaking plate for 2 h at RT protected from light. The absorbance 
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was read at 570 nm using the microplate reader Synergy™ HT Multi-Mode (BioTeK®, 
Winooski, VT, USA). The IC30 and IC50 of Cd for cell viability of MG-63 cell line under the 
conditions tested was calculated using Sigma Plot 11.0 software (Systat Software Inc., 
Germany) with the four-parameter logistic function standard curve analysis for dose-
response. 
For 24 h of exposure, the IC30 and IC50 of Cd for cell viability of MG-63 cells are 68 
µM, and 91 µM, respectively. For 48 h of exposure, the IC30 and IC50 are 54, and 91 µM, 
respectively. The IC30 has been indicated by Tice et al. (2000) as a threshold concentration 
of cytotoxic effects to further analyze genotoxicity. Therefore, concentrations below that 
value should be used. Based on the results, two doses under IC30 were chosen for further 
assays: 20 and 50 μM Cd. 
 
Cadmium quantification 
Cells (1.5x106) were cultured in 100 mm dishes and exposed to Cd as described above. 
After Cd treatment, cells were washed and scraped in cold PBS at pH 7.2. Then, cell 
suspensions were harvested and centrifuged at 1000g for 10 min at 4ºC and the pellets were 
resuspended in 300 µL of cold ultrapure water. Then, samples were homogenized by 
sonication for 30 s, intermittently. From these samples, 50 µL were retrieved for total protein 
quantification by the Bradford (1976) method. For Cd quantification, 200 µL of concentrated 
HNO3 (65% (v/v)) (Panreac, Barcelona, Spain) were added to 200 µL of remaining sample. 
Each sample was vortexed and placed in a water bath for 2h at 80oC and then transferred to 
60oC overnight. Finally, the three independent biological replicates per Cd treatment samples 
were diluted with ultra pure water to yield 4% HNO3 final concentration and stored at RT 
until Cd analysis by ICP-OES in a Jobin Yvon Activa M. Spectrometer (Horiba scientific 
Inc, NJ, USA). The detection limit was 2 μg L-1. Cd contents were expressed as g mg-
1protein. 
 
Cell cycle analysis 
Cell cycle analysis was performed according to the method described by Almeida et al. 
(2011) with slight modifications. Cells were seeded in 6-well plates with an initial density 
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of 5x105 cells. After Cd treatment cells were trypsinized and centrifuged at 600g for 10 min 
at 4 oC. Then, cells were washed with PBS pH 7.2, and resuspended in cold 85% ethanol for 
fixation and stored at -20 ºC. 
For cell cycle analysis, fixed cells were washed in PBS pH 7.2, and filtered through a 
55 µm nylon mesh to eliminate large clusters. Then, for each sample 50 µg mL-1 RNase and 
50 µg mL-1 PI (both from Sigma-Aldrich, St. Louis, MO, USA) were added. Samples were 
then incubated for 20 min at RT in the obscurity until analysis. The relative light scatter 
properties, SS and FS, as well as the relative FL of PI-stained nuclei were measured with a 
Beckman Coulter EPICS XL flow cytometer (Coulter Electronics, Hialeah, Florida, USA). 
The instrument was equipped with an air-cooled argon-ion laser tuned at 15 mW and 
operating at 488 nm. Acquisitions were made using SYSTEM IITM software (v. 3.0, 
Beckman Coulter, USA). The amplification was adjusted so that the peak corresponding to 
cells in G0/G1 phase of cell cycle was positioned at channel 200. For each sample, a minimum 
of 5000 events were recorded. Cell cycle analysis was performed using the FlowJo software 
(Tree Star Inc., Ashland, Oregon, USA). Results were expressed as percentage of nuclei in 
G0/G1, S and G2 phases of the cell cycle. 
 
Gene expression of cell cycle related proteins and DNA damage checkpoints 
The web interface Primer3 (Rozen and Skaletsky 2000) was used for the design of gene-
specific primer pairs (Table 6), which were confirmed for genome single hits by the UCSC 
In-Silico PCR Genome Browser (Kent et al. 2002). RNA was extracted using the Trizol 
method from MG-63 control and exposed to 50 µM Cd cells for 24 and 48 h. Phase-Lock 
Gel Heavy tubes (5 Prime 3 Prime, Inc., Boulder, CO-USA) were used for phase separation. 
The aqueous phase was mixed with 1 vol 70% ethanol and RNA was purified using RNeasy 
Mini Kit columns (Qiagen, Hilden, Germany). For cDNA synthesis, 2 μg total RNA were 
pre-incubated with DNase I (Sigma-Aldrich, St. Louis, MO-USA) and reverse-transcribed 
with 1 mM Oligo dT18, using the Omniscript RT Kit (Qiagen, Hilden, Germany). The cDNA 
samples were prediluted in ultrapure MilliQ water (1:20). The final individual qPCR 
reactions contained iQ SYBR Green Supermix (BioRad, Hercules, CA-USA), 1.5 µM each 
gene-specific primer and 1:4 (v/v) prediluted cDNA (1:20). At least three qPCR technical 
replicates were performed per sample from each of two independent biological replicates. 
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Average PCR efficiencies and cycle thresholds were determined from the fluorescence data 
using the algorithm Real-Time PCR Miner (Zhao and Fernald 2005). Gene expression 
relative to control cells was normalized with the GAPDH reference gene and calculated from 
the average efficiencies and cycle thresholds using the Pfaffl (2001) method. 
 
 Table 6. Oligonucleotide primer sequences used for qPCR 
Gene Forward primer (5’-3’) Reverse primer (5’-3’) 
ATM GTTTGTATGGCTGTGGTGGA AGACGGAAAGAATATGGCAGAG 
CHEK1 CCCGCACAGGTCTTTCCTT CGTGTCATTCTTTTGACCAACC 
CHEK2 CACAGCTCTACCCCAGGTTC CACAACACAGCAGCACACAC 
CDC25A GTTTGACTCCCCTTCCCTGT GGGCCTTCTCTGGATTAGTTG 
CDK2 ACCTCCCCTGGATGAAGATG AGATGGGGTACTGGCTTGGT 
CCNB1 GCTGAAAATAAGGCGAAGATCAA ACCAATGTCCCCAAGAGCTG 
CCNE1 CAGCCTTGGGACAATAATGC GAGGCTTGCACGTTGAGTTT 
GAPDH ACACCCACTCCTCCACCTTT TACTCCTTGGAGGCCATGTG 
 
Indirect immunofluorescence of microtubules 
Cytoskeletal components from MG-63 cells exposed to Cd were visualized through 
indirect immunofluorescence staining the heterodimer α-tubulin (one of the subunits of 
microtubules) and the F-actin (the major constituent of microfilaments). Cells were seeded 
on glass coverslips at 2.5x104 cells/well, and Cd treatment was done as described above. For 
α-tubulin staining, the method was performed according to Schrader et al. (1998) with some 
modifications. Cells were washed with PBS, pH 7.4, fixed and permeabilized with ice-cold 
methanol for 30 min. After blocking with 2% BSA, cells were washed in PBS and then 
incubated for 1h at RT with the primary antibody monoclonal anti α-tubulin (Sigma-Aldrich, 
St. Louis, MO, USA), at 1:100 in PBS pH 7.4 (Sigma-Aldrich, St. Louis, MO, USA). After 
extensive washing in PBS, cells were incubated with fluorescently labeled secondary 
antibody donkey anti-mouse DαM-TRITC (Jackson ImmunoResearch Europe), at 1:300 in 
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PBS. For F-actin staining, cells were washed with PBS pH 7.4, fixed with 4% 
paraformaldehyde (Sigma-Aldrich, St. Louis, MO) (pH 7.4) for 20 min at RT, and then 
permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for 10 min (Schrader 
et al. 1998). After blocking, cells were incubated during 20 min with rhodamine phalloidin 
(Molecular Probes, Thermo Fisher Scientific Inc., Waltham, MA, USA) diluted in PBS pH 
7.4 (Zimmerhackl et al. 1998). Samples were examined using the Nikon Eclipse 80i 
microscope (Nikon, Tokyo, Japan) equipped with a PlanApo 100X objective and images 
were captured with a Digital Sight camera, software NIS-Elements F 3.00 SP7 (Nikon, 
Tokyo, Japan). Each sample was analyzed in duplicate. 
 
DNA damage 
The comet assay was performed as described by Tice et al. (2000) with slight 
modifications. Cells were seeded in 6-well plates at 2x105 cells/well and exposed to Cd as 
described above. After Cd exposure, cells were harvested and washed with PBS pH 7.2. For 
positive control, cells were exposed to 100 µM H2O2 for 4 min at 4 ºC. A mixture of 50 µL 
of the cell suspension and 50 µL of 1% LMPA (Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany) previously heated at 37 ºC was spread on each slide, pre-coated with 1% NMPA 
(Fermentas, Thermo Fisher Scientific Inc., Waltham, MA, USA). A coverslip was then 
placed over the mixture and the agarose was allowed to solidify at 4 ºC for 10 min. 
Coverslips were removed and cell lysis was held for 2 h in a solution containing 2.5 M NaCl, 
100 mM EDTA, 10mM Trizma Base, 0.2 M NaOH, (pH 10), 1% Triton X-100 and 10% 
DMSO at 4ºC. Then slides were collected and placed in cold alkaline buffer (0.3 M NaOH 
and 1 mM Na2EDTA, pH>13) for DNA unwinding (20 min) Electrophoresis was conducted 
at 0.74 V cm-1 and 300 mA for 30 min at 4 ºC. After that, slides were neutralized with 0.4 
M Tris buffer pH 7.5, and washed with distilled water. Nucleoids were stained with ethidium 
bromide (Sigma-Aldrich, St. Louis, MO) and observed using the fluorescence microscope 
Nikon Eclipse 80i (Nikon, Tokyo, Japan) equipped with an ethidium bromide-compatible 
filter (excitation filter: 510-560 nm; dichroic mirror: 572; absorption filter: 590 nm). 
Fluorescence images of each nucleoid were captured with a Digital Sight camera, software 
NIS-Elements F 3.00 SP7 (Nikon, Tokyo, Japan). The parameters % tail DNA was 
calculated using image analysis software (CASPLab v1.2.2). For each sample, two gels were 
screened and 50-100 randomly visualized nucleoids were assayed. 
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CBMN assay 
The CBMN assay was performed according to Fenech (2007) with few modifications. 
Briefly, approximately 1x105 cells/well were seeded on coverslips inside 6-well plates. Cells 
were then exposed to Cd as described. After 24 and 48 h of Cd exposure, cytochalasin B 
(Applichem, Darmstadt, Germany) at concentration of 4 µg mL-1 was added to each well 
and incubated for 29 h. At the end of cytochalasin B treatment, cells were washed with cold 
PBS pH 7.2, and fixed with cold absolute methanol. Coverslips were air dried and stained 
with acridine orange (Merck, USA). Cells were observed and analyzed using the 
fluorescence microscope Nikon Eclipse 80i (Nikon, Tokyo, Japan) equipped with an acridine 
orange-compatible filter (excitation filter: 450-490 nm; dichroic mirror: 505; absorption 
filter: 520 nm). Fluorescence images were captured with a Digital Sight camera, software 
NIS-Elements F 3.00 SP7 (Nikon, Tokyo, Japan). Samples from three independent 
biological replicates per Cd treatment were scored for NDI, presence of NPBs, MN, and 
cells under apoptosis and necrosis. NDI provides a measure of viable cells’ proliferative 
status and also enables the detection of cytostatic effects. It was calculated by scoring at least 
500 cells for the presence of one, two, three or four nuclei. NPBs and MN were scored in at 
least 1000 binucleated cells. MMS (Sigma-Aldrich, St. Louis, MO) treated cells were used 
as positive control at a final concentration of 20 µg mL-1. The apoptosis and necrosis 
assessment was conducted on the slides by scoring at least 500 cells. 
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Statistical analysis 
Three independent assays were performed for each analysis. The qPCR data was 
expressed as mean ± SE, and the remaining data expressed as mean ± SD. Data were 
analyzed by two-way ANOVA, followed by a Holm-Sidak test to evaluate the significance 
of differences between the different conditions. When necessary, data were transformed to 
achieve normality and equality of variances. When justified, Pearson correlation was 
performed and the respective correlation coefficient was presented as r. The level of 
statistical significance was set at p<0.05. All statistical analyses were performed with 
SigmaPlot Version 11.0 for Windows. 
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Results 
General cell characterization and viability 
Microscopic observations of cell cultures show that Cd exposure decreased cell 
confluence and increased the number of cells in suspension (Figure 27). In this figure there 
are representative images of control cells (Figure 27A and D) and cells exposed to 20 (Figure 
27B and E), and 50 µM Cd (Figure 27C and F), after 24 h and 48 h of exposure. Overall, the 
adherent cells were oval to spindle-shaped, resembling fibroblasts. At both times of 
exposure, adherent cells were decreasing with the increase of Cd concentrations, with greater 
incidence with 50 µM Cd. In the meantime, the cell death continuously increased from the 
Cd concentration of 20 µM, represented by round, swollen and detached cells, also some cell 
debris and cells with blebs. These facts were more pronounced after 48 h of Cd exposure 
than after the 24 h. 
 
Figure 27. MG-63 cells observed using an inverted phase-contrast microscope, after Cd exposure for 24 (A-
C) and 48 h (D-F). (A, D): Control; (B, E), 20 µM Cd; (C, F), 50 µM Cd (100x; bar: 50 µm). 
 
The MTT assay was used to assess cell viability of MG-63 cells after Cd treatment. At 
both times of Cd exposure, 24 and 48 h, the dose-response curve of cell viability (see Figure 
28) shows a dose-dependent relationship, where it is evident a significant inhibition of cell 
viability for Cd concentrations above 45 and 30 µM at 24 and 48 h, respectively. 
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Figure 28. Cd effects on MG-63 cell viability for both times of exposure, 24 and 48 h. Symbol  represents 
significant difference between Cd concentrations and the respective control for 24 and 48h (p < 0.001). 
Different letters represent significant difference between times of exposure for the same Cd concentration (p < 
0.05). 
 
The four-parameter logistic function standard curve analysis for dose-response allowed 
the calculation, by interpolation, of cell viability for cells exposed to 20 and 50 μM Cd. For 
the 24 h exposure to 50 μM dose, the viability decreased approximately 13% comparatively 
to the control. As for the 48 h exposure, the viability decreased 3% and 27% to 20 μM and 
50 μM, respectively. 
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Cadmium quantification 
Figure 29 shows Cd accumulation in MG-63 cells. Control cells showed levels of Cd 
lower than the detection limit (2 μg L-1). Concerning Cd-exposed cells for all doses and 
exposure periods there was a significant increase (p<0.001) in Cd accumulation in a dose-
dependent manner (r = 0.954, p = 0.045 and r = 0.952, p = 0.048 for 24 and 48 h 
respectively). 
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Figure 29. Intracellular Cd content in MG-63 cells after 24 and 48 h of exposure to CdCl2. Symbol * represents 
significant difference between Cd concentrations and the respective control for 24 and 48 h of exposure (p < 
0.001). Different letters represent significant difference between times of exposure for the same Cd 
concentration (p < 0.001). 
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Cell cycle analysis 
Cell cycle analysis by FCM both at 24 and 48h of Cd exposure showed a decrease in 
the percentage of cells in G0/G1 phase and an S phase delay, observed by an increase of the 
percentage of cells in S phase (Figure 30). Cell population in G2 phase also showed a 
tendency to an increase with Cd dose, but differences did not reach statistical significance 
(p > 0.05). 
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Figure 30. Effect of Cd on cell cycle progression of MG-63 cell line: percentage of cells in the cell cycle 
phases G0/G1, S and G2 after 24 h and 48 h of exposure. Symbol * represents significant difference between 
Cd concentrations and the respective control for 24 and 48 h of exposure (p < 0.05). 
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Expression of genes related to the cell cycle proteins and DNA damage checkpoints 
In general, the expression levels of the selected genes were affected by the exposure of 
MG-63 cells to 50 µM Cd, compared to the control group (Figure 31). At both times of Cd 
treatment, CCNE1 was overexpressed by 2.1- and 3.4-fold, at 24 and 48 h, respectively, 
although it was not significant for the 48 h of exposure. 
After 24h (Figure 31A) Cd at 50 µM significantly downregulated the expression of 
CHEK1, and CHEK2 by 0.4-fold, and CDK2 by 0.3-fold. The expression of CHEK2 was 
reversed over the time, becoming upregulated by 1.3-fold after 48 h (Figure 31B). Moreover, 
at this time of Cd exposure, ATM and CCNB1 were downregulated by 0.2- and 0.4-fold, 
respectively. The expression of CDC25A was unchanged by 50 µM Cd in both time periods. 
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Figure 31. Relative expression of genes related to the cell cycle and DNA damage checkpoints for MG-63 
cells treated with 50 µM Cd after 24 (A) and 48 h (B). Symbol * represents significant difference between Cd 
concentrations and the respective control for 24 and 48 h of exposure (p < 0.05). 
  
136 
 
Cytoskeletal organization 
Figure 32 shows the effect of Cd on cytoskeletal organization at the level of both α -
tubulin (Figure 32A) and F-actin (Figure 32B). These images show that Cd induced slight 
change on α -tubulin polymerization. Also, minimal effects were detected in the actin 
filaments of cells exposed to the doses of Cd tested for both periods. However, for the dose 
of 65 µM, a more evident degree of disruption of actin filaments was observed (data not 
shown). 
 
Figure 32. Effect of Cd in distribution of α-tubulin and F-actin cytoskeleton observed by fluorescence 
microscopy using α-tubulin antibody (A), or rhodamine phalloidin to selectively stain F-actin (B) (1000x; bar: 
20 µm). N (Nucleus). 
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DNA damage 
Comet assay was performed in order to detect DNA damage. Figure 33A-C shows 
representative nucleoids from the control and Cd-treated cells for 48 h observed by 
fluorescence microscopy. Figure 33D represents the amount of fragmented DNA, given by 
the % tail DNA. As can be seen in this figure DNA fragmentation increased significantly by 
exposure to both Cd doses at 48h, contrarily to what was found at 24h, where no statistically 
significant change was detected. The comet images obtained, as seen in the examples of 
Figure 33A-C, show that the dose of 20 µM generated a higher percentage of DNA in the 
tail than the dose of 50 µM. 
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Figure 33. Comet assay representative 
images of MG-63 cell nucleoids 
obtained for the 48 h exposure to Cd 
(400x; bar: 10 µm), (A) Control, (B) 20 
µM Cd, (C) 50 µM Cd. (D) % tail DNA. 
Symbol * represents significant 
difference between Cd concentrations 
and the respective control for 24 and 48 
h of exposure (p < 0.05). Different letters 
represent significant difference between 
times of exposure for the same Cd 
concentration (p < 0.05). 
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CBMN assay 
The CBMN assay was used to measure DNA damage (MN and NPBs), cytostasis (the 
proportion of mono-, bi-, and multi-nucleated cells; NDI) and cytotoxicity (necrotic and 
apoptotic cells) on MG-63 cells exposed to Cd (Figure 34). 
 
Figure 34. Representative images observed under fluorescence microscopy of MG-63 cells after Cd exposure 
and cytokinesis block with cytochalasin-B (400x; bar: 10 µm). (A) Binucleated cells from control sample. (B) 
Binucleated cell with MN pointed by upwards arrow, and NPB pointed by downwards arrow. (C) Necrotic 
cell. (D) Apoptotic cell. 
 
Cd exposure induced dose-dependent increase in the percentage of MN at 24h (Figure 
35A). Irrespective of the conditions tested, Cd exposure significantly increased MN 
frequency (Figure 35A). For 24h exposure, Cd increased MN frequency in a dose-dependent 
manner. For 48h exposure, however, MN frequency did not increase from 20 µM to 50 µM 
Cd. 
The presence of NPBs also increased with Cd treatment at both time periods, except for 
50 µM Cd at 48h, and being dose-dependent at 24h. However, for the dose of 50 µM Cd the 
frequency of NPBs was lower at 48h than at 24h (Figure 35B). 
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Figure 35. CBMN assay endpoints: formation of MN (A) and NPBs (B) in MG-63 cells treated with Cd for 
24 and 48 h. Symbol * represents significant difference between Cd concentrations and the respective control 
for 24 and 48 h of exposure (p < 0.001). Different letters represent significant difference between times of 
exposure for the same Cd concentration (p < 0.001). 
 
Table 7 shows the pattern of distribution of the number of nuclei per cell from 1 to 4 
(M1 to M4, respectively). After both 24 and 48h there was an increase with Cd exposure in 
the percentage of mononucleated cells and simultaneously a decrease in the percentage of 
binucleated cells was detected. The frequency of multinucleated cells increased after 48 h of 
exposure, in particular the trinucleated cells with the Cd concentration of 50 µM, and the 
tetranucleated cells in a dose-dependent manner. At 24 h of Cd treatment there were not 
significant differences in the frequency of multinucleated cells. 
Table 7. CBMN assay endpoints of MG-63 cells treated with Cd after 24 and 48h: pattern of 
distribution of the number of nuclei per cell from 1 to 4 (M1 to M4, respectively) and NDI a 
 [Cd] 
(µM) 
M1 (%) M2 (%) M3 (%) M4 (%) NDI 
 0 4.56 ± 0.52 91.13 ± 0.65 2.44 ± 0.21 2.06 ± 0.54 2.02 ± 0.01 
24 h 20   9.41 ± 0.67*  86.68 ± 0.89* 2.59 ± 0.22 1.99 ± 0.22 1.98 ± 0.01 
 50    11.27 ± 1.40*  84.46 ± 1.02* 2.85 ± 0.88 2.00 ± 0.54 1.97 ± 0.03 
       
 0 3.96 ± 0.86 94.85 ± 1.07 1.06 ± 0.11 0.93 ± 0.31 2.01 ± 0.03 
48 h 20   7.54 ± 1.53*  88.95 ± 0.23* 1.57 ± 1.15   1.82 ± 0.33* 1.98 ± 0.04 
 50    10.05 ± 1.87*  85.64 ± 2.29*   2.53 ± 0.24*   2.29 ± 0.22* 1.99 ± 0.04 
aM1 – mononucleated cells; M2 – binucleated cells; M3 – trinucleated cells; M4 – tetranucleated cells. Symbol 
* represents significant difference relative to the control (p < 0.05). 
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Concerning the rate of cells under apoptosis and necrosis, Cd induced a significant 
increase in the percentage of apoptotic/necrotic cells as can be observed in Figure 36. 
Considering apoptosis, for the dose of 50 µM Cd there was a decrease on the rate of apoptosis 
at 48h of exposure, comparatively to 24h (Figure 36A). A positive correlation between Cd 
dose and the percentage of cells under necrosis (r = 1; p = 0.016) was found at 24h. At 48h 
there was an increase in the levels of necrosis for both doses, however, for 50 µM Cd there 
was a decrease comparatively to 24h (Figure 36B). Also, the number of cells under necrosis 
was lower than the observed for 20 µM Cd. 
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Figure 36. CBMN assay endpoints: percentage of cells under apoptosis (A) and necrosis (B) of MG-63 cell 
line treated with Cd for 24 and 48 h. Symbol * represents significant difference between Cd concentrations and 
the respective control for 24 and 48 h of exposure (p < 0.001). Different letters represent significant difference 
between times of exposure for the same Cd concentration (p < 0.001). 
 
Discussion 
Cytotoxic effects of Cd on human osteoblasts have been demonstrated, namely on Saos-
2 (Coonse et al. 2007), and MG-63 (Lévesque et al. 2008) and also in mouse osteoblast cell 
lines as MC3T3-E1 cells (Martineau et al. 2010). Adherent MG-63 cells appear oval to 
spindle-shaped with fibroblast-like morphology and with increasing Cd concentration in 
culture medium cell detachment from the culture surface also increases and cells appear 
floating and round shaped. E-cadherin is a member of the cadherin family of Ca-dependent 
adhesion molecules. As Cd competes for Ca, E-cadherins are targets of Cd toxicity resulting 
in loss of cell-cell adhesion. The results of Prozialeck (2000) in osteoblast ROS17/28 cell 
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line show that Cd at low concentration (5 µM Cd for 2 h) induces cell separation and 
retraction from each other. 
Given that MTT is reduced by mitochondrial enzymes, MTT assay measures metabolic 
activity of cells indicating, therefore, the cell viability and proliferation. Under the tested in 
vitro conditions, results showed that Cd affected viability of the human MG-63 cells in a 
time- and dose-dependent manner following a 24 h and 48 h exposure. Lévesque and co-
workers (2008) characterized Cd accumulation in human osteoblast cell line MG-63 and 
found a decrease in cell viability upon Cd exposure to 100 µM of Cd after 3 h and a LC50 
value of 18 µM after 24 h. In our results, the dose of 20 µM of Cd did not reduce significantly 
cell viability at the same period. Differences may be attributed to the presence of BSA in the 
culture medium, which was absent in the experiments of Lévesque et al. (2008). In fact, the 
presence of BSA was demonstrated to decrease Cd toxicity in this cell line (Lévesque et al. 
2008) and also in Saos-2 cells (Smith et al. 2009). These authors also found a decrease in 
cell viability of more than 50% in Saos-2 cells exposed to 50 µM Cd for 48 h, however, after 
24 h viability decreased less than 25% for the same dose (Smith et al. 2009). 
Cellular signal cascades elicited by Cd are characterized by a high number of 
interactions e.g., between the ER stress-associated unfolded protein response, the ubiquitin-
proteasome system, apoptosis, autophagy, and the cell cycle as previously reviewed 
(Thévenod and Lee 2013). In this respect, regulation of the cell cycle plays an eminent role 
in the cell’s response to DNA damage induced by DNA damaging agents such as toxic 
metals. In this study, cell cycle analysis showed that Cd exposure induced a decrease (p < 
0.05) in the percentage of cells in G0/G1 and an increase (p < 0.05) in the percentage of cells 
in S phase for both periods of analysis, suggesting a delay in S phase. This profile was 
associated with an increase of the levels of CCNE1 transcript levels for cells exposed to 50 
µM of Cd in both periods of analysis. CCNE1 encodes for CCNE1 which accumulates at 
G1/S boundary and is degraded as cell progresses to S phase. One of the main functions of 
CCNE1 is to activate CDK2 in the transition from G1/S phase. In this context, Natrajan et 
al. (2012) found that CCNE1 RNAi-mediated silencing led to G1 arrest. Moreover, CCNB1 
involved in G2/M phase transition was found significantly underexpressed for the 48 h 
exposure period. G1 phase transition and accumulation in S phase could therefore be 
explained by the large CCNE1/CCNB1expression ratio observed in this study. 
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Previous studies in the literature indicate that Cd activates cell cycle control in several 
types of cells. However, the degree of this disturbance varies with the treatment (time and 
dose of Cd exposure) and cell type. In fact, most studies in cell types other than osteoblasts 
refer that Cd induces cell cycle arrest at G2/M phase. For instance, Yang and co-workers 
(2004) in Chinese hamster ovary cells exposed to 1 µM Cd for 8 h found an arrest at G2/M 
phase, while cells exposed to 4 µM Cd arrested at S phase after 4 h. These authors also found 
that G2/M arrest mainly occurred when cells were exposed to the narrow range of Cd (0.8 to 
2 µM Cd) (Yang et al. 2004). Xie and Shaikh (2006) also found a time and concentration 
dependent increase of cells in G2/M phase of cell cycle in rat kidney epithelial cells. 
However, in Xenopus kidney epithelial cells, Cd at 0.4 mM for 24 h was found to arrest cells 
at G1 phase of cell cycle (Bjerregaard 2007). 
Cao and co-workers (2007) evaluated the role of p53 in Cd-induced response in human 
fibroblasts and found that in p53-expressing cells, Cd inhibited DNA synthesis and arrested 
cells at G2 phase, however in cells with defective p53, DNA synthesis was not affected and 
significantly less cells accumulated at G2 and also no inhibition of mitosis was detected. 
Moreover, these authors found that p53-deffective cells were more resistant to Cd 
comparatively to normal cells (Cao et al. 2007). MG-63 cells are p53 deficient (Masuda et 
al. 1987; Diller et al. 1990; Chandar et al. 1992) and therefore the increase in S phase upon 
Cd exposure in MG-63 cells might be related with the p53 deficiency of this cell line. 
However, this effect seems to be not straightforward, since findings of Bork and co-workers 
(2010) revealed that in p53-deficient kidney tubular cells, an arrest at G2/M phase of cell 
cycle was detected upon exposure to 100 µM Cd for 6 h. In cells with wild type p53, Cd is 
known to disrupt p53 native conformation, impairing p53 dependent response to DNA 
damage (Méplan et al. 1999). For instance, exposure to 20 mM Cd was found to suppress 
the p53-dependent cell cycle arrest in G1 and G2/M phases of cell cycle induced by γ-
irradiation (Méplan et al. 1999). Nevertheless, Cao et al. (2007) found similar patterns of 
DNA degradation assessed by the comet assay in both normal and p53-defective cells. 
The comet assay is an electrophoretic test, usually used in genotoxicity assessment 
detecting DNA strand breaks and alkali-labile sites in individual cells. Exposure to 20 and 
50 µM Cd for a 24 h period did not result in DNA strand breaks detectable by the comet 
assay. This suggests that the cytotoxic effect observed at 50 µM Cd for 24 h exposure is 
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probably not due to induction of DNA strand breaks. After 48 h of exposure, an increase (p 
< 0.05) in the % of tail DNA was observed for both Cd doses. The level of DNA damage 
detected at 48 h for cells exposed to 50 µM Cd was lower than that detected for cells exposed 
to 20 µM Cd, however differences did not reach statistical significance (p > 0.05). Similar 
profiles were found by Risso-de Faverney et al. (2001) in rainbow trout hepatocytes exposed 
to Cd, who also found higher levels of DNA fragmentation in cells exposed to 2 µM rather 
than 10 µM of Cd. This decrease in DNA damage detected by the comet assay with 
increasing Cd concentration could be due to a high level DNA fragmentation and subsequent 
loss of the small fragments during electrophoresis (Olive et al. 1993). Our previous studies 
have shown that Cd is able to induce DNA fragmentation in sperm cells and microsatellite 
instability in vivo in testis of mice exposed to low doses of Cd (Oliveira et al. 2009, 2012). 
Cd both in the forms of CdCl2 and CdSO4 salt at low concentrations (4 µM) and short time 
exposure (2 h) was able to induce DNA damage in MRC-5 fibroblasts (Mourón et al. 2004). 
Yu and co-workers (2007) found that Cd induced a dose-dependent DNA damage assessed 
by the comet assay in hepatocytes of rats exposed to 5, 10, and 20 µmol kg-1. 
As Cd is not able to interact directly with DNA as shown by Valverde et al. (2001), Cd 
induced DNA damages are suggested to be caused by indirect interactions with DNA, as for 
instance through enhancement of ROS formation that can induce oxidative damage to 
macromolecules such as DNA (Mikhailova et al. 1997). In HaCat cells exposed to Cd at 
concentrations up to 100 µM for 24 and 48 h, Nzegue et al. (2008) were not able to detect 
DNA damages assessed by the comet assay, but they were able to prove the formation of 8-
OHdG, a form of oxidation of guanine in DNA, indicating the reduced ability to repair DNA 
oxidative damage. Banfalvi and co-workers (2000) found increased levels of the oxidative 
DNA damage product, 8-OHdG, in CHO-K1 cells upon exposure to Cd, which varied with 
the cell cycle phase, being higher in early S phase and gradually declined as damaged cells 
progressed through the cell cycle. 
Cadmium also interferes with DNA repair mechanisms as studies have shown that 
proteins involved in DNA repair systems, mostly in BER, NER and MMR, are sensitive to 
Cd (Dally and Hartwig 1997; Jin et al. 2003; Giaginis et al. 2006). As repair mechanisms 
are compromised upon Cd exposure, induced DNA lesions will persist and originate strand 
breaks that will result in DNA migration observed in the comet assay. 
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Our results showed that Cd induced an increase in the NPBs occurrence. NPBs occur 
when centromers of dicentric chromosomes are pulled to opposite poles during anaphase 
and are a result of DNA misrepair of strand breaks in DNA or telomere end fusions (Fenech 
2007). Confirming that, a positive correlation between the comets tail moment (data not 
shown) and the number of NPBs was found at 24 h (r = 0.999; p = 0.030). Maes et al. (2012) 
also found an increase of NPBs in the human hepatocyte cell line C3A, upon Cd exposure. 
NDI, which characterizes the rate of cell division, decreased at 24 h of Cd exposure for the 
dose of 50 µM, but was unchanged for the 48 h period. A negative correlation was found 
between NDI and the number of cells in S phase (r = 0.999; p = 0.0262), suggesting that S 
phase delay is associated with Cd-induced cytostasis. Also, a positive correlation between 
the number of monucleated cells and the number of cells in S phase was detected at both 
time periods (r = 0.997; p = 0.046, for 24 h and r = 1; p = 0.002 for 48 h). On the other hand, 
a negative correlation was detected between the number of cells in S phase and the number 
of binucleated cells (r = -1; p = 0.007, for 24 h and r = -0.998; p = 0.035, for 48 h). 
The frequency of cells with MN is a key indicator of the extent of DNA damage. In our 
work an increase in the frequency of MN occurrence was observed in both Cd doses, 
however literature results on Cd-induced MN formation are controversial. Some studies 
show increase in MN formation due to Cd exposure, as for instance that of Fatur and co-
workers (2002) who detected Cd-induced DNA damage and MN formation in HepG2 cells 
at non-cytotoxic doses and the studies of Pereira et al. (2013) who found MN induction in 
ZF4 embryonic cells exposed to Cd. Also, in vivo studies have shown that in rats exposed to 
0.5 mg kg-1day-1 for 8 and 12 weeks there was an increase in MN formation in peripheral 
blood lymphocytes (Bao et al. 2012). The presence of MN at 24 h was correlated positively 
with the presence of NPBs and with the number of cells in G2 phase of cell cycle (r = 1; p = 
0.005 and r = 1; p = 0.019, respectively). The levels of apoptosis and necrosis 
microscopically assessed by the CBMN assay also increased with Cd dose, however and for 
the latter a time-dependent effect was not observed. Also, apoptosis assessed by the annexin 
V assay also showed a similar trend of increase upon Cd exposure by both concentrations 
(data not shown). At 24 h the percentage of cells under apoptosis correlated positively with 
the presence of MN and NPBs (r=0.999; p=0.0226 and r=0.999; p=0.0229, respectively) and 
with the number of cells in G2 phase of cell cycle (r = 1; p = 0.007). On other hand, apoptosis 
was negatively correlated with NDI at 48 h (r = 0.999; p = 0.033). 
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Microtubules are core intervenients during chromosomal segregation, and their 
functional accuracy is crucial for keeping the normal karyotypes in the progeny. Moreover, 
in response to DNA damage, several mechanisms in cells are activated to stop, decline or/and 
repair the injuries. Although in various studies, cell cycle arrest and cytoskeletal disruption 
have been positively associated with DNA damage, other studies refer that cytoskeletal 
disruption contributes but is not essential for induction of apoptosis (Liu and Templeton 
2010). Numerous mechanisms are involved to mediate cell cycle arrest, e.g., the ATM-
CHEK2 and ATR-CHEK1 pathways and cyclins (Smith et al. 2010). In our studies with 
MG-63 cells, Cd in the concentrations and periods of exposure tested induced minimal 
changes in both α-tubulin and F-actin. The role of Cd on cytoskeleton proteins remains 
unclear. On one hand, Cd is known to cause selective disruption of F-actin in other cell types 
as for instance, mouse mesangial cells (Wang et al. 1996) and rat mesangial cells (Wang et 
al. 1996; Apostolova et al. 2006) and smooth muscle (Apostolova et al. 2006). Specifically, 
it was found that Cd causes loss of phalloidin-stainable F-actin (Apostolova et al. 2006). Liu 
and Templeton (2010) examined the effect of the actin cytoskeleton on apoptosis induced 
by Cd in mouse mesangial cells and found that cytoskeletal disruption is a downstream event 
in Cd--induced cell death by both apoptosis and apoptotic-like mechanisms. On the other 
hand, Cd treated sponge Clathrina clathrus cells showed marked enhancement of α-tubulin 
acetylation and detyrosination supporting that Cd ions stabilize microtubules (Ledda et al. 
2013). Moreover, increased expressions of α-tubulin in Cd-treated cells were reported for 
Anopheles gambiae mosquito (Mirejiet al. 2010), while recently Bhom (2014) demonstrated 
that Cd affected the kinesin-microtubule motility generating system in neuronal cells, which 
may contribute to the development of neuronal disorders. To our knowledge no studies in 
literature have related Cd with α-tubulin filament disruption in cells. 
Conclusions 
In conclusion this work shows the cyto- and genotoxic effects of Cd in bone cells. 
Cadmium affected cell cycle at both time periods even at sub-toxic doses by decreasing the 
% of cells in G0/G1 and delaying S phase, shown by an accumulation of cells in this phase, 
along with changes in the expression of cell cycle related genes. An increase in MN and 
NPBs together with an increase in the percentage of cells under apoptosis/necrosis was 
detected for both Cd doses at both time periods. However, an increase in DNA fragmentation 
was observed for both doses, but only significant for the 48 h time period. From our results, 
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the CBMN assay parameters (MN, NPBs and the percentage of cells under apoptosis or 
necrosis) together with the cell cycle appear as the most sensitive to Cd-induced cyto- and 
genotoxicity, being early affected even at sub-toxic doses. Lastly, some of the selected 
biomarkers discussed here may be used as reliable endpoints to detect early toxic effects of 
Cd to human bone cells. 
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Abstract 
Cadmium is a highly toxic environmental pollutant, and Human exposure occurs mainly 
in workplaces where Cd is used in the manufacture and also from cigarette smoke or eating 
Cd-contaminated food. Cd accumulation and toxicity have been mostly determined (in 
vivo/in vitro) in e.g., kidney, liver, bones, lung, testis, and prostate. Few studies have been 
addressed Cd toxicity in osteoblasts, concretely on oxidative stress. Moreover, 
mitochondrial function had not yet been approached in bone cells. Therefore, this work 
focused on the evaluation of the effects of Cd in human osteoblasts by analyzing the 
mitochondrial energy processing and putative associations with oxidative stress. 
Mitochondria are an intensive source of ROS becoming a target itself. It has been verified 
that Cd induces ROS further increasing oxidative insult in many organs and cell lines. To 
assess the influence of Cd exposure on mitochondrial function and oxidative stress in 
osteoblasts, MG-63 cell line was exposed to Cd (up to 65 µM) for 24 and 48h. Intracellular 
ROS and antioxidant defense mechanisms (TAA, and gene expression of antioxidant 
enzymes) were analyzed, as well as the resulting protein oxidation, and lipid peroxidation. 
Furthermore, Cd effects on mitochondrial function were evaluated by analyzing the activity 
of enzymes involved in mitochondrial respiration, ΔΨm, mitochondrial morphology and 
adenylate energy charge. In Cd-exposed osteoblasts, results indicate an increase of oxidative 
stress, together with lipid and protein oxidation. Gene expression of antioxidant enzymes 
showed that GR was down-regulated compared to control cells. Mitochondrial function was 
affected by decrease of ΔΨm, and inhibition of mitochondrial respiratory chain enzymes, 
and citrate synthase. Moreover, the energetic status of cells was also diminished by Cd 
exposure. In conclusion, Cd induced mitochondrial dysfunction that seems to be related with 
oxidative stress in human osteoblasts. 
 
Keywords 
Antioxidant defenses, cadmium, human osteoblasts, mitochondrial dysfunction, ROS,  
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Introduction 
Humans are exposed to Cd mainly through ingestion of water and food crops grown in 
Cd-contaminated soils, or by inhalation of cigarette smoke, and fumes/dusts from industries 
(Mead 2010; Xu et al. 2013). Due to its broad accumulation in several tissues, chronic 
exposure to Cd may lead to different pathologies, like neurological diseases, infertility, 
diabetes, cancer, and mostly to renal and bone injuries like osteoporosis and osteomalacia 
(Oliveira et al. 2009; Nair et al. 2013). 
In a previous study on Cd toxicity in human osteoblasts (see Chapter 3.2, and Oliveira 
et al. 2014), our group demonstrated that Cd induced cytotoxicity in the MG-63 cell line, 
with observed increases of DNA damage and MN formation, cell cycle delay and cell death 
(apoptosis and necrosis) (Oliveira et al. 2014). It is known that Cd exposure may lead to 
increase of oxidative stress in the cell, i.e. an increasing imbalance between ROS production 
vs antioxidant defense mechanisms (Patra et al. 2011). A proposed mechanism supports that 
although Cd does not produce ROS, it replaces Fenton-active metals, Fe and Cu, and these 
may become available to the generation of ROS such as •O2
-, •OH and H2O2 (Arroyo et al. 
2012). Additionally, Cd has high affinity for thiol groups of proteins and GSH, a major 
antioxidant, thus decreasing the antioxidant potential of the cell and contributing to 
increasing levels of ROS (Arroyo et al. 2012). In order to decrease this ROS production and 
to maintain the GSH/GSSG ratio at a high level, antioxidant enzymes like CAT, GPx, GR, 
SOD are required, but their activity has been shown to be inhibited by Cd both in human 
cells (see for review: Waisberg et al. 2003; Patra et al. 2011) and plants (e.g., Azevedo et al. 
2005; Monteiro et al. 2009; Monteiro et al. 2012, see Chapter 2.2). On the other hand, in 
some experiments, long periods of exposure to Cd stimulated the activity of antioxidant 
enzymes possibly as a result of an adaptive response (Thévenod and Lee 2013). 
Mitochondria are responsible for several cell functions (e.g., energy processing, 
apoptosis, oxidative stress). Mitochondria were identified as key targets of Cd toxicity in in 
vivo studies (e.g., liver, brain and heart of guinea pigs (Wang et al. 2004)), and in in vitro 
cultures (e.g., vero cells (Murugavel et al. 2007), rat hepatoma cells (Belyaeva et al. 2008), 
human hepatoma cells and rat glioma cells (Yang et al. 2004)). Also, it was observed that 
Cd induced ROS formation and inhibited the electron transfer chain in isolated mitochondria 
(Wang et al. 2004) and hepatoma cells (Belyaeva et al. 2006). 
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Finally, since mitochondria are a source of intensive ROS generation due to 
mitochondrial respiratory chain and, simultaneously, become targets of that ROS, 
mitochondria may become dysfunctional and lead to energy decline, oxidative stress and 
apoptosis (Desagher and Martinou 2000). However, to our knowledge, and despite Cd 
particularly accumulates in bone tissues, only one study focused on Cd-induced oxidative 
stress in osteoblasts (Saos-2 cell line) (Smith et al. 2009). In these cells, Smith and co-authors 
(2009) showed that when Saos-2 cells were exposed to 10 µM CdCl2, it was measured an 
increase of oxidative stress by the observed decrease of GSH levels, and increase of ROS 
formation and lipid peroxidation (Smith et al. 2009). Therefore, our study is the first one 
regarding a comprehensive screening of Cd effects on osteoblast mitochondrial function and 
oxidative stress. 
The present study aimed to evaluate the effects of Cd in the MG-63 cell line by 
analyzing oxidative stress and mitochondrial function responses. For that, intracellular ROS 
and antioxidant defense mechanisms (TAA, and gene expression of antioxidant enzymes) 
were analyzed, as well as the resulting protein and lipid oxidation. Furthermore, the effects 
on mitochondrial function and energetic status were evaluated by analyzing the activity of 
enzymes involved in mitochondrial respiration, ΔΨm, mitochondrial morphology and 
adenylate energy charge. 
 
Materials and methods 
Cell culture 
Human osteoblast cell line MG-63 was kindly provided by INEB – Instituto Nacional 
de Engenharia Biomédica, University of Porto, Portugal. MG-63 cell line was in vitro 
cultured in MEM-α medium without nucleosides, supplemented with 10% (v/v) FBS, 100 
Units mL-1 penicillin/100 µg mL-1 streptomycin and 2.5 µg mL-1 fungizone (Life 
Technologies, Carlsbad, CA) at 37 °C, 5% CO2, in humidified atmosphere. Cell confluence 
and morphology were daily observed under an inverted phase contrast microscope Nikon 
Eclipse TS100 (Japan). Cells were subcultured when confluence reached 80%, at a 
proportion of 1:9, using 0.25% trypsin/1 mM EDTA (Life Technologies, Carlsbad, CA). For 
metal exposure, cells were left 24 h for adhesion. Then, the medium was replaced by medium 
containing CdCl2 (Sigma-Aldrich, St. Louis, MO) at final concentrations of 20, 50 and 65 
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µM. Culture media without CdCl2 served as control in each experiment. MG-63 cells were 
cultured in the referred conditions for 24, and 48 h. 
 
Protein quantification 
Total protein was quantified by the method of Bradford (1976). In brief, 250 μL of 
Bradford Reagent (Sigma-Aldrich, St. Louis, MO) were added to 5 μL of sample that was 
previously measured to each well of a 96-well plate. The plate was incubated with shaking 
at RT and in the dark for 10 min. The absorbance was read at 595 nm using a microplate 
reader (Synergy™ HT Multi-Mode, BioTeK). A standard curve of BSA (Sigma-Aldrich, St. 
Louis, MO) was used to calculate the unknown concentrations. 
 
Intracellular adenine nucleotides 
Quantification of adenine nucleotides was used to assess the energetic status of cells, 
that is indicated by the equation of adenylate energy charge (EC) = ([ATP] + ½ [ADP]) / 
([ATP] + [ADP] + [AMP]) (Atkinson 1968). To quantify adenine nucleotides, 1.5x106 cells 
were plated in 100 mm dishes and exposed to Cd for 24 h, and 48 h. After Cd treatment, 
cells were washed and scraped in cold PBS pH 7.2. Cell suspension was centrifuged at 1000g 
for 10 min, at 4 oC. The pellet was then resuspended in 350 µL of cold PBS pH 7.2 and 
samples were frozen with liquid nitrogen and stored at -80 oC until protein quantification 
and the extraction of adenine nucleotides. The extraction procedure was performed 
according to Ryll and Wagner (1991), with some modifications. For this, 200 µL of KOH 
0.5 M were added to each cell suspension and samples were vigorously vortexed 
intermittently for 5 min, at 4 oC to minimize the degradation of nucleotides. After alkaline 
incubation, samples rested on ice for 5 min and were diluted with 300 µL of ultra pure water. 
Then, a centrifugation was done at 16000g for 15 min at 4 oC, the pH of supernatants was 
adjusted to 6.5 with a saturated solution of KH2PO4, and samples were stored at -80 
oC until 
chromatographic analysis. Adenine nucleotides were identified and quantified by HPLC 
following the method described by Stocchi et al. (1985) with modifications. An UltiMate 
3000 Column Compartment Dionex (Model TCC-3200) equipped with a PDA 100 Dionex, 
and an ACE 5 C18 reversed phase column (250×4.6 mm×5 µm) with a precolumn were 
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used, and the column oven temperature was set at 25 oC. The flow rate was 0.7 mL min-1 
and the elution was performed using a solvent system comprising solvent A (1.2% methanol 
in KH2PO4 0.1 M, pH 6.5) and solvent B (20% methanol in KH2PO4 0.1 M, pH 6.5): 100% 
of solvent A for 14 min to elute adenine nucleotides, followed by 3 min of a linear gradient 
to 100% of solvent B, maintaining at 100% for 3 min to elute other compounds from the 
sample in order to clean the column. This was followed by 2 min of a linear gradient to 100% 
of solvent A, maintaining at 100% for 7 min to reequilibrate the column to the next run. At 
the beginning of each day the column was equilibrated with 50% of each solvent for 5 min, 
and 30 min of 100% solvent A. After that a blank was run. The injection volume was 35 µL. 
The PDA detector was set in the range of 200-600 nm for spectral and purity analysis of 
sample and standard peaks, and the wavelength of 260 nm was used to detect adenine 
nucleotides. The compounds were identified based on their retention time of commercial 
standards of ATP (>99% HPLC, Sigma-Aldrich, St. Louis, MO), ADP (98% HPLC, Sigma-
Aldrich, St. Louis, MO) and AMP (>99% HPLC, Sigma-Aldrich, St. Louis, MO) and by 
comparison with the UV-spectrum. Successive dilutions of a mix of adenine nucleotides 
were used to make a standard curve. In addition, co-elution of each single standard with 
samples confirmed the identification of the correspondent peak in the sample chromatogram. 
Moreover, to optimize sample chromatograms, all the samples were trypsinized (0.08% 
trypsin) for 3 h at 4 oC before runs, thus decreasing the interference of proteins and peptides 
during elution and preventing column clogging. Also, after each day the column was inverted 
and cleaned by running 50% methanol/50% water (up to 1 ml min-1) for 30 min, at 35 oC. 
Chromeleon Software (version 6.80 DU12a Build 3599, Dionex Corporation) allowed 
chromatogram analyses, with identification of peaks and their integration. 
 
Mitochondria isolation 
Mitochondria were isolated from cells cultured (initial density of 10x106 cells) in 150 
mm Petri dishes and exposed to Cd for 24, and 48 h and also in the absence of Cd (control 
group). Cells were washed and scraped in cold PBS pH 7.2. Cell suspension was centrifuged 
at 2000g for 15 min, at 4 oC. The pellet was resuspended in 5 mL of sucrose buffer (0.25 M 
sucrose, 0.2 mM EGTA, 0.1% BSA and 5 mM HEPES, pH 7.4) and incubated on ice for 5 
min (Peixoto et al. 2008). Cells were then homogenized with a 5 ml syringe fitted with 25 G 
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(10 times, approximately 90 % of cell disruption confirmed by microscopy observation of 
homogenized) (Xiao et al. 2012). The homogenates were centrifuged at 1800g for 15 min at 
4 oC, and the resulting supernatants were centrifuged at 15550g for 30 min at 4 oC (according 
to Xiao et al. 2012), with adjustments on centrifugation speed and time. Then, the 
mitochondrial pellet was washed in 1.5 mL of sucrose buffer pH 7.2 without BSA and EGTA 
(i.e. 0.25 M sucrose and 5 mM HEPES, pH 7.2) and, finally, resuspended in 150 µL of the 
same buffer (Peixoto et al. 2008). The samples were frozen with liquid nitrogen and stored 
at -80 oC until protein quantification and measurement of mitochondrial enzyme activities. 
 
Mitochondrial respiratory chain enzymes and citrate synthase activities 
Spectrophotometric assays were used to measure the activity of two components of the 
electron transfer chain using a microplate reader (Synergy™ HT Multi-Mode, BioTeK). 
Complex I (NADH:ubiquinone oxireductase) and complex IV (cytochrome c oxidase) 
activities were assessed following the method described by Kiebish et al. (2013), with minor 
modifications. Complex I specific activity was determined by measuring the oxidation of 
NADH at 340 nm (ε = 6.22 mM-1cm-1). The assay was performed at 30 oC in buffer 35.5 
mM potassium phosphate (pH 7.4) containing 2 mM KCN, 5 mM MgCl2, 2.5 mg mL
-1 BSA, 
supplemented with 100 µM decylubiquinone as electron acceptor and 30 µM antimycin to 
block electron transport downstream from complex I. After 2 min the reaction was initiated 
by adding 0.3 mM NADH and enzyme activity was measured for 5 min. Complex I activity 
was inhibited with 25 µM rotenone. Complex IV specific activity was determined by 
measuring the oxidation of reduced cytochrome c at 550 nm (ε = 21.84 mM-1cm-1). The assay 
was performed at 30 oC in buffer 9 mM Tris-HCl (pH 7.0) containing 108 mM KCl. After 2 
min the reaction was initiated by adding 11 µM reduced cytochrome c and enzyme activity 
was measured for 3 min. Complex IV activity was inhibited with 2.75 mM KCN. 
Citrate synthase specific activity was spectrophotometrically measured according to 
Srere (1969), with minor modifications. Citrate synthase catalyzes the reaction between 
acetyl-CoA and oxaloacetate to originate citric acid, and resulting in the formation of CoA-
SH. The thiol group reacts with the DTNB to form TNB, a yellow compound. The assay was 
performed at 30 oC in buffer 160 mM Tris-HCl (pH 7.0), containing 0.1% Triton X-100, 
0.13 mM DTNB, 0.33 mM acetyl-CoA and 0.9 mM oxaloacetate. After 2 min the reaction 
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was initiated by adding mitochondrial enzyme and activity was measured for 3 min. Citrate 
synthase specific activity was determined by measuring the decrease in the concentration of 
DTNB at 412 nm (ε = 13.6 mM-1cm-1). 
 
Mitochondrial membrane potential 
ΔΨm was assessed by FCM following the method described by Barros et al. (2013). 
Firstly, 1.5×105 cells were seeded in a 6-well plate and, after cell adhesion, they were 
exposed to Cd as described above. At the end of the respective exposure time, cells were 
washed with PBS pH 7.2 and incubated with 5µg mL-1 Rho123 (Sigma-Aldrich, St. Louis, 
MO) for 30 min, at 37 oC. The cells were washed with PBS pH 7.2, trypsinized and 
centrifuged at 800g for 5 min, at 4 oC. From the centrifugation step, the following procedures 
were performed at 4 oC. The cell pellet was washed with 1 mL of PBS pH 7.2 containing 1% 
BSA, and resuspended in 500 µL of PBS pH 7.2 containing 1% BSA and 5µg mL-1 PI 
(Sigma-Aldrich, St. Louis, MO). The samples were analyzed by FCM using a Coulter EPICS 
XL flow cytometer (Coulter Electronics, Hialeah, Florida, USA) and at least 10000 events 
were analyzed. Data was acquired using the SYSTEM II (v. 2.5) software. FCM data was 
analyzed by FlowJo software (Tree Star Inc., Ashland, OR). The loss of ΔΨm was visualized 
as indicated by the reduction of Rho123 FL. 
 
Fluorescence microscopy of mitochondria 
Mitochondria morphology was visualized by fluorescence microscopy. Cells were 
seeded on glass coverslips placed in 12-well plates at 2.5x104 cells/well, and Cd treatment 
was done as described above. Cells were washed with PBS pH 7.4, fixed with 4% 
paraformaldehyde (Sigma-Aldrich, St. Louis, MO) in PBS pH 7.4 (pH 7.4) for 20 min at 
RT, and permeabilized with 0.2% Triton X-100 (Sigma-Aldrich, St. Louis, MO) for 10 min 
(Schrader et al. 1998). After blocking with 2% BSA, cells were washed in PBS pH 7.4 and 
then incubated for 1 h at RT with the primary antibody (mouse monoclonal antibody α-
TOM20, 1:200 dilution, was purchased from BD Biosciences, USA) diluted in PBS pH 7.4 
(Wang et al. 2009). After extensive washing in PBS pH 7.4, cells were incubated with 
secondary antibody donkey anti-mouse (DαM-TRITC, 1:100 dilution, was purchased from 
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Sigma-Aldrich, St. Louis, MO) diluted in PBS pH 7.4. Samples were examined using the 
Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) equipped with a PlanApo 100x 
objective; a TRITC-compatible filter (excitation filter: 543/22 nm; dicroic mirror: 562 nm; 
and emission filter: 593/40 nm). Fluorescence images were acquired with a Digital Sight 
camera, software NIS-Elements F 3.00 SP7 (Nikon, Tokyo, Japan). Usually two coverslips 
per preparation and two to three independent experiments were performed, with 
mitochondria observation and classification in filamentous, intermediate and fragmented. 
 
Intracellular ROS 
The generation of intracellular ROS was measured by FCM according to Ferreira de 
Oliveira et al. (2014), using the fluorogenic probe DCFH2-DA (Sigma-Aldrich, St. Louis, 
MO-USA). This probe enters the cells and is deacetylated by cellular esterases producing 
non-fluorescent DCFH2 and diacetate. In the cytosol DCFH2 is quickly oxidized to 
fluorescent DCF by intracellular ROS. 
Cells were plated in 6-well plates at a density of 150x103 cells/well. After 24 and 48 h 
of Cd exposure, cells were washed with PBS pH 7.2 (Gibco by Life Technologies) and cells 
were incubated for 30 min, at 37 C in the dark with serum-free MEM-α containing 10 µM 
DCFH2-DA. Cells were trypsinized and collected in 1 mL of cold MEM-α to be analyzed. 
Acquisitions were made using a Coulter EPICS XL flow cytometer (Coulter Electronics, 
Hialeah, Florida, USA) and the MFI of DCF was analyzed with FlowJo software (Tree Star 
Inc., Ashland, OR). For each sample, the number of events reached at least 10000. 
 
Total antioxidant activity 
TAA was determined with Antioxidant Assay Kit (Sigma-Aldrich, St. Louis, US-MO). 
Cells were plated in 100 mm Petri dishes at a density of 1.5x106 cells. After times of Cd 
treatment, cells were washed with PBS pH 7.2, scraped on ice and centrifuged at 1000g for 
10 min at 4 oC. It was added 300 µL of assay 1x buffer (from the assay kit) to the pellet, and 
samples were sonicated intermittently for 30 s on ice. Homogenized samples were 
centrifuged at 12000g for 15 min at 4 oC. Supernatants were stored at -80 oC until subsequent 
analysis. 
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The assay was prepared on a 96-well plate with 15 µL of sample, 20 µL myoglobin 
working solution and 150 µL of ABTS substrate working solution. After incubation, at RT 
during 30 min, 100 µL of STOP solution was added and the absorbance was read at 405 nm 
in a microplate reader (Synergy™ HT Multi-Mode, BioTeK). The absorbance decrease 
reflects the increase of antioxidant activity. Trolox, a water-soluble vitamin E analog, was 
used as a standard or control antioxidant and the results were normalized by protein 
concentration. 
 
Protein oxidation 
Protein oxidation was measured using Protein Carbonyl Colorimetric Assay Kit 
(Cayman Chemical Company, USA). For that, cells were seeded in 150 mm Petri dishes at 
an initial density of approximately 10x106 cells. After cell exposure to Cd for 24 and 48 h, 
cells were washed and scraped in cold PBS pH 7.2. Cell suspension was centrifuged at 1000g 
for 5 min, at 4 oC. The pellet was resuspended in 50 mM phosphate buffer pH 6.7 containing 
1 mM EDTA and samples were sonicated intermittently for 30 s on ice. Homogenized 
samples were centrifuged at 10000g for 15 min at 4 oC. The supernatants were incubated for 
15 min at 4 oC with 1% sulphate streptomycin to eliminate nucleic acids detected by a ratio 
of absorbance of A280 nm/A260 nm less than 1. Posterior steps of the procedure were performed 
following the kit instructions. Absorbance measurements of DNPH tubes (370 nm) and tubes 
without DNPH (280 nm) were carried out using a microplate reader (Synergy™ HT Multi-
Mode, BioTeK). A standard curve of BSA was used to calculate protein concentration, and 
carbonyl content was expressed in nmol protein-1. 
 
Lipid peroxidation 
Lipid peroxidation was measured by fluorimetric TBARS assay. Cells were seeded in 
150 mm Petri dishes at an initial density of approximately 10x106 cells. After cell exposure 
to Cd, according to Ahmad et al. (2012), cells were washed twice and scraped in cold 400 
mM Tris-HCl pH 7.3. An aliquot of cell suspension (200 µL) was mixed with 800 µL of 
color reagent solution containing 0.4% (w/v) TBA, 0.5% (w/v) SDS, 5% (v/v) acetic acid, 
pH 3.5 and incubated for 60 min at 95 oC. Mixtures were immediately incubated on ice for 
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10 min to stop the reaction and then centrifuged at 1600g for 10 minutes at 4 oC. Samples 
were left at RT for 30 min and fluorescence of supernatants was read at an excitation 
wavelength of 528 nm and an emission wavelength of 550 nm, using a microplate reader 
(Synergy™ HT Multi-Mode, BioTeK). TBARS concentration was normalized by protein 
concentration. 
 
Gene expression of antioxidant enzymes 
RNA extraction and qPCRGene expression was analyzed by qPCR. The forward and 
reverse primers for the selected genes were designed using Primer3 (Rozen and Skaletsky 
2000) and are listed in Table 8. Primer specificity was confirmed using the In-Silico PCR 
UCSC Genome Browser (Kent et al. 2002). 
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Table 8. Oligonucleotide primer sequences used for qPCR (obtained from Rozen and Skaletsky 
(2000)) 
1. Gene Forward primer (5’-3’) Reverse primer (5’-3’) 
CAT TGAACTGTCCCTACCGTGCT TATTGGATGCTGTGCTCCAG 
GPX1 CGGGACTACACCCAGATGAA TCTCTTCGTTCTTGGCGTTC 
GSR GATCCCAAGCCCACAATAGA TCGCTGGTTATTCCTAAGCTG 
SOD1 GGTGTGGCCGATGTGTCTAT TTCCAGCGTTTCCTGTCTTT 
SOD2 CCCTGGAACCTCACATCAAC CTGAAGAGCTATCTGGGCTGTAA 
GAPDH ACACCCACTCCTCCACCTTT TACTCCTTGGAGGCCATGTG 
 
Cells (1.5x106) were plated in 100 mm dishes and exposed to 50 µM Cd for 24 h. After 
Cd treatment, cells were washed twice in cold PBS pH 7.2 and 1 mL TRIzol® reagent (Life 
Technologies, Saint Louis, MO, USA) was added for cell lysing, and RNA extraction and 
preservation. Samples were incubated for 5 min at RT, 200 µL of chloroform were added, 
vortexed for 10 s, and incubated for 2 min at RT. Phase separation was achieved by 
centrifugation at 12000g for 5 min at 4 °C in Phase-Lock Gel Heavy tubes (5 Prime Inc., 
Boulder, CO, USA). To the aqueous phase 1 volume of 70% ethanol was added and RNA 
was further purified using RNeasy Mini Kit columns (Qiagen, Hilden, Germany) following 
the manufacturer’s recommendations. The total RNA was quantified and checked for its 
purity by spectrophotometry, determining the absorbance ratios A260/280 and A260/260 
(Nanodrop Spectrophotometer ND-1000®, Thermo Fisher Scientific, Wilmington, DE, 
USA). 
cDNA synthesis was carried out after incubation of 2 μg of total RNA with DNase I 
(Sigma-Aldrich, St. Louis, MO-USA). RNA was reverse-transcribed using the Omniscript 
RT Kit (Qiagen, Hilden, Germany), and cDNA samples were diluted in MilliQ water (1:15). 
The final individual qPCR reactions contained iQ SYBR Green Supermix (BioRad, 
Hercules, CA-USA), 1.5 µM each primer and 1:4 (v/v) prediluted cDNA (1:15). Two qPCR 
technical replicates were performed per sample from each of three independent biological 
replicates. The qPCR program, in the iQ5 Bio-Rad thermal cycler, included 1 min of 
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denaturation at 95 °C, followed by 60 cycles of denaturation at 94 °C for 5 s, annealing at 
58 °C for 15 s, and extension at 72 °C for 15 s. After qPCR, a melting temperature program 
was performed. Mean PCR efficiencies and cycle thresholds were determined from the 
fluorescence data using the algorithm Real-Time PCR Miner (Zhao and Fernald 2005). Gene 
expression relative to control cells and normalized with the GAPDH reference gene was 
calculated from the mean efficiencies and cycle thresholds using the Pfaffl (2001) method. 
 
Statistical analysis 
At least three independent assays were performed for each analysis. The qPCR data was 
expressed as mean ± SE, while the remaining data was expressed as mean ± SD. The qPCR 
data were analyzed by one-way ANOVA, followed by a Holm-Sidak test, while the 
remaining data were analyzed by two-way ANOVA to evaluate the significance of 
differences in the parameters. When necessary, data were transformed to achieve normality 
and equality of variances. The level of statistic significance was set at p < 0.05. All the 
statistical analyses were performed with SigmaPlot Version 11.0 for Windows. 
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Results 
Cell energetic status and activity of mitochondrial respiratory chain enzymes and 
citrate synthase 
Cadmium did not affect the energetic status of cells exposed to Cd for 24 h, but after 
48h, all Cd concentrations induced a decrease of adenylate energy charge in MG-63 cells 
(Figure 37A). Thus, the activity of some enzymes involved in mitochondrial respiration was 
analyzed to find if these checkpoints were disrupted by Cd. Also citrate synthase activity 
was measured, as this enzyme is the first intervenient of the TCA cycle which regulates 
energy generation in mitochondrial respiration. 
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Figure 37. Effects of Cd on the cell energetic status (A) and activity of citrate synthase (B), and mitochondrial 
respiratory chain enzymes, complex I (C) and complex IV (D) Symbol * represents significant difference 
relative to the control (adenylate energy charge: p < 0.05; citrate synthase p < 0.05; complex I: p < 0.001; 
complex IV: p < 0.05).  
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Concerning citrate synthase, Figure 37B shows that Cd induced a decrease of its activity 
in cells exposed to 50 and 65 µM after 24, and 48 h. Regarding the mitochondrial respiratory 
chain, complexes I and IV were also analyzed, and Figure 37C shows that complex I activity 
of MG-63 cells was significantly inhibited with 65 µM Cd after 24 h of exposure, compared 
to the control group. This inhibition was reverted after 48 h, with complex I activity of Cd-
exposed cells having values similar to those of control cells. Moreover, complex IV activity 
(Figure 37D) showed a dose- and time-dependent inhibition with Cd. 
 
Mitochondrial membrane potential and morphology 
The cytograms from control and exposed-cells after Rho123 (a fluorescent dye for 
ΔΨm) incubation indicated that the profile of the cell population positive for Rho123 was 
changed with Cd exposure. So, Figure 38 shows that Cd decreased ΔΨm in cells subjected 
to 65 µM after both times of exposure, compared to control cells, and the effect was a little 
more pronounced after 48 h. 
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Figure 38. Effects of Cd in ΔΨm of MG-63 cells after 24 and 48 h of exposure. Symbol * represents significant 
difference relative to the control (p < 0.001). 
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Figure 39 shows how mitochondria morphology was changed by Cd. After 24 h, 
although control cells presented variability in mitochondrial morphology, showing 
filamentous, as well as fragmented and intermediate mitochondria, it was observed that at 
higher Cd concentrations (≥ 50 µM) there was an increase of fragmented mitochondria. After 
48 h, mitochondrial morphology of Cd-exposed cells was similar to that of control ones, 
though mitochondria swelling was observed in some cells exposed to 50 and 65 µM Cd. 
 
 
Figure 39. Effects of Cd in mitochondrial morphology of MG-63 cells, after 24, and 48 h of exposure, observed 
under fluorescence microscopy. Mitochondria of MG-63 cells stained by indirect immunofluorescence using 
antibodies against the outer membrane protein TOM20 involved in protein transport (1000x; bar: 20 µm). 
Control cells (A and E), 20 µM (B and F), 50 µM (C and G), and 65 µM Cd (D and H). Arrows in figure H 
indicate swelling of mitochondria. N – nucleus. 
 
Intracellular ROS and total antioxidant activity 
Cadmium induced an accumulation of ROS in cells exposed to 65 µM after 24 and 48 
h of exposure (Figure 40A). The TAA levels were not significantly different between control 
and exposed-cells, neither after 24 h nor 48 h of Cd exposure (Figure 40B). However, TAA 
of MG-63 cells tended to decrease with 50 µM Cd after 24 h, and tended to increase with Cd 
concentrations after 48 h. 
In Figure 40C it is presented the ratio between TAA and ROS showing the antioxidant 
capacity of cells vs ROS formation. Considering the behavior as function of Cd doses, after 
24 h, there was a decrease of the ratio TAA/ROS in a dose-dependent manner. After 48 h, 
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cells showed different behavior: those exposed to 20 µM Cd showed a higher ratio, while 
cells exposed to higher doses had lower TAA/ROS ratios. Considering the responses 
regarding the period of exposure, the TAA/ROS ratio after 48 h was higher than after 24 h, 
for cells exposed to 20 and 50 µM Cd. Contrarily, cells exposed to 65 µM Cd showed a 
decrease of this ratio after 48 h. 
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Figure 40. ROS formation (A) and TAA (B) 
of MG-63 cells exposed to Cd after 24 and 48 
h. (C) TAA/ROS. Symbol * represents 
significant difference relative to the control 
(p < 0.05). 
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Protein oxidation and lipid peroxidation 
Protein carbonyl levels increased in a dose-dependent manner in cells exposed to Cd 
for 48 h, but not in those ones exposed for 24 h. (Figure 41A). Regarding lipid peroxidation, 
after 24 h, TBARS content decreased in a dose-dependent manner and significantly for 
concentrations higher than 20 µM (Figure 41B). After 48 h, the same pattern was observed, 
but at the highest concentration, 65 µM, Cd induced a very high level of lipid peroxidation. 
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Figure 41. Protein oxidation and lipid peroxidation levels on MG-63 submitted to Cd for 24 and 48 h. (A) 
Protein carbonyl content. (B) TBARS content. Symbol * represents significant difference relative to the control 
(p < 0.05). 
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Gene expression of antioxidant enzymes 
Among the analyzed genes of antioxidant enzymes, GSR gene expression was decreased 
to approximately ¼ in cells exposed to 50 µM for 24 h, compared to the control (Figure 42). 
The relative gene expression of CAT, GPX1, SOD1 and SOD2 was not significantly affected 
by Cd when cells were exposed for 24 h. 
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Figure 42. Relative gene expression of antioxidant enzymes: CAT, GPx, GR, and two SOD isoforms (SOD1 
and SOD2). Symbol * represents significant difference relative to the control (p ≤ 0.001). 
 
Discussion 
This is the first comprehensive study on the effects of Cd in human osteoblasts, 
involving changes at the levels of both oxidative stress and mitochondrial function. In 
general, disturbances were more severe when high Cd concentrations and longer exposure 
time were applied. 
Regarding mitochondrial energetic function, it is evident that with time, Cd decreased 
the capacity of the mitochondria to maintain an energetic balance ([ATP] + ½ [ADP]) / 
([ATP] + [ADP] + [AMP]), which suggests a dysfunction in the regulation of adenylate 
energy charge in MG-63 cells. Several authors have been proposed the assessment of 
adenylate energy charge that has a critical role in regulating catabolic and anabolic pathways. 
Several authors, therefore, highlight the importance of using this parameter in toxicological 
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studies, because of its importance in metabolic regulation (e.g., Matsui et al. 1994). As stated 
by Matsui et al. (1994) instead of measuring the amount of ATP, adenylate energy charge 
evaluates the changes of the energy metabolism in cells and evaluates the inhibitory effect 
of the stress condition (Matsui et al. 1994). 
Our data also show that complexes I and IV were negatively affected, especially 
complex IV, which can be related to the increase of mitochondrial ROS in Cd-exposed cells, 
since inhibition of complex IV enhances the production of ROS from certain upstream sites 
in the electron transport chain (Chen et al. 2003). Toxicity assays using other cell/tissues 
showed impairment of mitochondrial complexes I, II, III and IV by Cd and other metals 
(e.g., Belyaeva et al. 2011; 2012; Adiele et al. 2012, Liu et al. 2013; Liu et al. 2014) 
suggesting a decreased function of ATP formation. Despite we cannot directly assume a 
decrease of ATP, the combined decrease of activity of complexes I and IV, and the decrease 
of adenylate energy charge, support that Cd leads to a decrease of mitochondrial function 
leading to biochemical disorders that may also influence ATP formation and, potentially, 
culminating to apoptotic pathways. 
Together with the negative effects on the mitochondrial electron transport chain 
(complex I and IV) and adenylate energy charge, the impact of Cd on the activity of citrate 
synthase (the first intervenient of the TCA cycle, which regulates energy generation in 
mitochondrial respiration) was also evaluated. Citrate synthase has shown to be highly 
sensitive to Cd in oysters (Ivanina et al. 2008). The inhibition of citrate synthase by Cd in 
osteoblasts suggests an accumulation of citrate and, consequently, the glycolytic pathway is 
possibly inhibited at the phosphofructokinase level and, therefore, the energy obtained via 
this pathway may also be limited. 
The data provided above was also supported by the observed negative effects of Cd on 
ΔΨm, which could result from increased mitochondrial permeability transition pore opening, 
leading to release of pro-apoptotic factors and consequently to apoptotic processes (e.g., Ly 
et al. 2003). Recently we have found that Cd also induced apoptosis in these MG-63 cells, 
supporting these data (Oliveira et al. 2014, see Chapter 3.1). Supporting this severe 
dysfunction observed in osteoblasts mitochondria and energy processing, we also 
demonstrate that Cd exposure for 24 h increases morphological changes, as those observed 
by the increase of fragmented mitochondria. These mitochondrial morphological changes 
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may lead to mitochondrial damage through altering the matrix content and, therefore, 
contributing to altered ΔΨm, and inhibition of the respiratory electron chain as reported in a 
research of Xu et al. (2013) using human normal liver cells (L02 cell line) and rat liver tissue 
exposed to Cd. It was already shown that Cd can lead to mitochondrial swelling, for example, 
in both kidney (Kobroob et al. 2012) and liver (Zhang et al. 2011) of rats. In MG-63 cells 
data showed that the highest used Cd doses (50 and 65 µM) increased the mitochondrial 
swelling after 48 h of Cd exposure, also explaining the observed decrease of ΔΨm induced 
by Cd. However, no other mitochondrial morphological changes were observed in Cd-
exposed cells at this time of exposure. 
In summary, it is evident that Cd induced severe functional and morphological changes 
in some critical functions of the cell, leading for example to the impairment of the electron 
transport chain, TCA cycle, and consequently to lower adenylate energy charge, and 
simultaneously it stimulates mitochondrial depolarization, which could be related to the 
induction of apoptosis evidenced by us in a previous work (Oliveira et al. 2014; see Chapter 
3.1). 
As stated above, mitochondria are intimately related with oxidative stress, and this is 
highly dependent on the intracellular levels of ROS vs the capacity of the cell to increase the 
total antioxidant status. Regarding TAA/ROS ratio, data demonstrate that Cd induced an 
accumulation of ROS while the TAA tended to decrease (particularly for higher doses). 
Moreover, when cells were exposed to low Cd doses (20 µM), there was a response of 
defense to scavenge the increase of ROS after 48 h of exposure, with an observed increase 
of TAA. Also the gene expression analysis demonstrates that, among the different transcripts 
of antioxidant enzymes tested, only GSR gene expression was significantly decreased after 
48 h of Cd exposure. Despite no evidence is provided on the negative effects on other 
enzymes, the impairment of GSR can be sufficient to disrupt GSH redox cycling leading to 
a decrease in GSH with a concomitant increase in GSSG. GSH among other relevant 
functions on cell (e.g., immune system and detoxification system) is the most important 
endogenous antioxidant, and also plays a crucial role in the regulation of protein function 
through thiol modification (e.g., Morgan 2014; Nair et al. 2014). The observed increase of 
oxidation of macromolecules found in the present study for lipids and proteins support the 
increase of membrane damage previously found in these MG-63 cells (Oliveira et al. 2014; 
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see Chapter 3.1). Deregulated oxidative stress often leads to oxidation of macromolecules, 
with particular evidence in lipids, proteins and/or nucleic acids. Despite Cd is not a Fenton 
metal, it is evident in MG-63 cells that the doses studied led (mostly after 48h) to increased 
oxidation of proteins and lipids. Considering that lipids and proteins are major constituents 
of membranes, it should be hypothesized that membranes may ultimately be affected with 
loose of permeability (membrane permeability was measured by the flow cytometer using 
PI that enters only in cells with damaged membrane). 
 
Conclusions 
In conclusion, this is the first study on the effect of Cd on mitochondrial function and 
induction of oxidative stress in human osteoblasts. We demonstrate that Cd leads to severe 
impairments in electron flux transport and in TCA, as well as a deficient adenylate energy 
charge, together with a decrease in ΔΨm and mitochondria morphological abnormalities. 
Simultaneously, Cd increased cell oxidative stress, with evident decrease in the transcripts 
of related enzyme (GR) and with severe consequences at the oxidation of lipids and proteins. 
All these data demonstrate that Cd induced severe mitochondrial dysfunction related to 
oxidative stress in human osteoblasts. 
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CHAPTER 4 – GENERAL CONCLUSIONS AND 
FUTURE PERSPECTIVES 
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General conclusions and future perspectives 
The cyto- and genotoxicity of Cr and Cd salts are raising environmental concerns, with 
demonstrated effects in different taxa including plants and animals, with some described 
effects being common to all biological models. The cyto- and genotoxicity of these salts 
were evaluated in lettuce and in human cells (osteoblast) using diverse biomarkers of 
susceptibility related to metal uptake and cyto- and genotoxicity, being transversal to both 
biological models and metals used in general. 
In lettuce, all the metal forms tested, Cr3+/Cr6+ in Chapter 2.1, and Cd2+ in Chapter 2.2 
were accumulated mostly in roots compared to the level of metals measured in leaves. In 
addition, lettuce organs accumulated more Cr when exposed to Cr6+ than when treated with 
Cr3+, however the rate of Cr translocation from roots to leaves was similar in both exposure 
conditions. 
Cr3+ did not cause cytotoxicity in lettuce while Cr6+ was found to be toxic and reduced 
plant growth. Cr6+ also induced cytogenotoxic effects in roots including formation of MN 
and mitotic aberrations, which were not observed in any plants exposed to Cr3+. Cr6+ also 
induced DNA damage at high concentrations (150 and 300 ppm) in leaves though not in 
roots, which can putatively be related to the inhibition of POX activity. The inhibition of this 
enzyme may have been enough to lead to a hypothetic increase of ROS in leaves compared 
to roots, which are known to have major impact in DNA integrity. However, to confirm the 
hypothesis of oxidative DNA damage, ROS quantification and comet assay with specific 
enzyme to detect 8-OHdG should be done in the future. Despite no toxicity was observed in 
lettuce plants exposed to Cr3+, it would be important to consider the assessment of DNA 
damage (including oxidative injuries), ROS content, and antioxidant enzyme activities in 
these plants. Some putative causes of the observed decrease of growth in Cr6+-exposed plants 
migh involve deficiencies in carbon metabolism which has already been proved by our group 
(Dias et al. 2015, unpublished data). In that study the decrease of plant growth at the end of 
15 days of exposure can be related to lower CO2 photosynthetic rate due to lower activity of 
Rubisco since Cr is able to substitute Mg (Dias et al. 2015, unpublished data). 
The evaluation of Cr3+/Cr6+ and Cd-induced toxicity is not directly comparable, so we 
cannot conclude which metal, Cr or Cd, is in fact more toxic to lettuce. Different cultivars 
were used (i.e., L. sativa L. cv. “Povoa” and L. sativa L. cv. “Reine de Mai”), thus, different 
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sensitivity to metals might be in place. Moreover, different conditions of exposure were used 
namely hydroponic culture in the assay with Cd, and plant growth in soil with Cr, which can 
lead to plants having different bioavailability levels of these metals. Plant growth in soil 
represents a closer condition to the reality of lettuce produced in polluted agriculture fields, 
and thus Cr bioavailability may be diminished by organic matter able to chelate or reduce 
metals, and other soil factors mentioned in the General Introduction (Chapter 1). However, 
in another test performed by our group exposing lettuce to the same Cr6+ concentrations but 
using hydroponic culture, almost all plants from the assay were dead within one week of 
exposure, while in the assay using soil plant death was not observed after 30 days of 
exposure. Furthermore, hydroponic culture was also used in lettuce production in our 
research (see Chapter 2.2) to provide an exposure without interferences on metal (Cd) 
bioavailability. It would be interesting to study the effects of Cr3+/Cr6+ at lower 
concentrations in lettuce cultured in hydroponics and also the level of cyto- and genotoxicity 
of Cd in lettuce grown in soil to see the main differences in the response of lettuce to each 
metal, depending on the method of culture. In these studies the bioconcentration factor 
should also be assessed to analyze how much metal is absorbed by the plant in comparison 
to the remaining in the culture medium (soil/solution). 
Cadmium was toxic to lettuce, reducing plant growth and germination rate. Moreover, 
this metal induced cyto- and genotoxic effects. Exposure of plants to Cd led to oxidative 
stress more in leaves than in roots, but cells from both organs were similarly affected 
compared to control regarding the observed increased levels of oxidative damage in lipids 
and proteins with consequent loss of membrane integrity. Indirectly by ROS increase and/or 
by Cd-DNA adducts formation and/or impairment of DNA repair mechanisms, Cd induced 
DNA damage more in leaves than in roots compared to the control. Despite of the tendency 
for cell cycle delay at S phase or arrest at G2 in root cells to activate DNA repair mechanisms, 
these could be deregulated, leading to MN formation (in addition to the DNA damage). 
As stated above, the toxicity of these two metals is transversal to biological models. In 
particular, by environmental and/or occupational exposure, by using prosthesis, or even by 
ingestion of contaminated water and/or food, humans are critical targets of Cr and Cd 
accumulation and toxicity. 
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In human osteoblasts in vitro (MG-63 cell line) both Cr6+ (Chapter 3.1) and Cd 
(Chapters 3.2 and 3.3) induced cyto- and genotoxicity in a dose- and time-dependent manner. 
Just after a short period of time (24 h) and at low doses, Cr6+ and Cd decreased cell viability 
and induced DNA damage that may be responsible for the observed cell cycle arrest at G2 
(in Cr6+-exposed cells) or S phases (in Cr6+ and Cd-exposed cells). While cells arrest or delay 
their cell cycle, they activate mechanisms of DNA repair. However, this may be followed 
by chromosome breakage and/or loss shown in the assays by an increase of MN and NPBs 
formation. Otherwise, cells may follow death pathways (observed in both Cr6+ and Cd-
exposed cells), apoptosis and/or necrosis. In the case of Cd, this research allowed to conclude 
that mitochondria of osteoblasts became dysfunctional mainly at the highest tested dose, 
since mitochondria are a source of intensive ROS generation and, simultaneously, become 
targets of that ROS, leading to energy decline, oxidative stress, lipid peroxidation and protein 
oxidation. As Cr6+ is known to induce oxidative stress this should be evaluated in the future, 
as well as mitochondrial function, energetic status and apoptosis. 
Cyto- and genotoxicity of Cd were also reflected at the gene expression level, thus it 
would be also interesting to analyze e.g., the expression of genes involved in cell cycle arrest 
at G2 in Cr
6+-exposed osteoblasts, and to complement and allow a better understanding of 
the signaling pathways, quantification of phosphorylated/non-phosphorylated proteins by 
western blotting would be interesting to perform. 
Additionally to MG-63 cell line used in the assays, other osteoblastic cell lines from 
humans or other animals should be used in the assessment of Cd/Cr toxicity: e.g., hFOB, 
human immortalized osteoblastic cell line; MC3T3-E1, mouse immortalized osteoblastic 
cell line. Other in vitro assays could be done like clonogenic assay in order to assess the 
survival at the end of a recovery period after an exposure; longer and repeated exposures 
with low concentrations of metals in normal osteoblastic cell lines to analyze carginogenic 
processes (e.g., migration, DNA damage, MN). 
Finaly, it should be mentioned that in both metals and both biological models further 
studies should be done particularly regarding: quantification of Cd/Cr-DNA adducts, 
quantification of DNA crosslinks, measure of DNA repair (by comet assay). In plants, it 
would be beneficial also to evaluate mitochondrial function. Finally, for an open gap to be 
fullfilled and another thesis to be born it would be interesting to consider the evaluation of 
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trophic transfer of Cd/Cr from lettuce to other living organism, feeding e.g., rats with lettuce 
contaminated with each metal and observe short and long term consequences to this 
organism. 
